-Claudins are tight junction membrane proteins that are expressed in epithelia and endothelia and form paracellular barriers and pores that determine tight junction permeability. This review summarizes our current knowledge of this large protein family and discusses recent advances in our understanding of their structure and physiological functions.
I. INTRODUCTION
Claudins are integral membrane proteins found in tight junctions of all epithelia and endothelia. Claudins were first identified in 1998 in a purified junctional fraction from chicken liver by Furuse in the lab of the late Shoichiro Tsukita (95) . They appear to be major structural components of the tight junction. Overexpression of claudins in fibroblasts, which normally lack tight junctions, is sufficient to reconstitute tight junction-like networks of strands (98, 198) . It is also now clear that claudins constitute both paracellular barriers and pores and thereby play a key role in determining the permeability properties of epithelial and endothelial cells. The major evidence for this comes from a multitude of studies showing that overexpression, knockdown or knockout of claudins, and both naturally occurring and experimentally introduced mutations of claudins, consistently cause changes in paracellular permeability. Furthermore, the effect of mutations that alter charged residues in the extracellular domains of claudins, or that introduce cysteines accessible to covalent modification by extracellular probes, indicate that the extracellular domains of claudins must line the paracellular pore. In this article, we review the biology of claudins and discuss what is known about how they affect tight junction permeability and their role in human diseases, focusing primarily on epithelial tissues. The reader is referred to two recent reviews for a detailed discussion of the regulation of junctional permeability in endothelia (28, 377) .
II. TIGHT JUNCTIONS AND THEIR ROLE IN PARACELLULAR PERMEABILITY

A. Tight Junctions Form the Seal Between Epithelial Cells
Epithelia are sheets of cells that line body cavities and external surfaces in multicellular organisms. A key function of epithelia is to act as a physical and chemical barrier. For example, the epidermis acts as the skin barrier to the exterior, the intestinal epithelium acts as a barrier to bacterial toxins in the gut lumen, and the urinary bladder has to act as a barrier to water and electrolytes in urine. At the same time, epithelia also allow selective transport of solutes and water between compartments. Transepithelial transport may occur via two routes: transcellular, meaning transport occurs through the cell, crossing the apical and basolateral plasma membranes; and paracellular, which refers to transport in between cells. Frömter and Diamond (88) were the first to demonstrate that the paracellular permeability pathway corresponds to the intercellular space. They used conductance scanning to show that the transepithelial conductance in Necturus gall bladder, a leaky epithelial tissue, was maximum at the junction between neighboring cells.
Epithelial cells are attached to each other at their lateral membranes by a complex of intercellular junctions (84) . The most apical of the intercellular junctions is the tight junction, or zona occludens. Anatomically the tight junction appears as a series of appositions or "kisses" between the exocytoplasmic leaflets of the lateral membranes of adjacent cells. These appositions extend in a beltlike network that surrounds each cell and attaches it to the neighboring cell to form a continuous seal. It is now well established that the tight junction is the major determinant of paracellular permeability. Electron-dense molecules to which the paracellular pathway is impermeable, such as hemoglobin, colloidal lanthanum, and ruthenium red, have been shown to freely diffuse along the intercellular space but stop at the level of the tight junction, indicating that this is the site of the permeability barrier (84, 233, 397) .
In addition to acting as a selective barrier to permeability between aqueous compartments, the epithelial tight junction has been proposed to have one other function, which is to act as a fence within the cell membrane, i.e., to mechanically restrict diffusion of proteins and lipids within the plane of the lipid bilayer (69) . Such a fence would ensure that the lipid and protein components of the plasma membrane remain separated in distinct apical and basolateral domains at the tight junction, a prerequisite for directional transepithelial transport. Several observations indicate that the membrane-spanning proteins of the tight junction act as a diffusion barrier within the membrane and that fence and gate function are simultaneouly affected (see, e.g., Refs. 137, 376 ). Yet, other manipulations can dissociate the barrier and fence functions of the tight junction. Thus transient ATP depletion (24, 227) and depolymerization of the cortical actin network (341) disrupt barrier function while preserving fence function. This suggests that the fence function is mechanistically independent of barrier function. There is now increasing experimental evidence that tight junctions and claudins are not required for fence function and hence for upholding cell polarization (23, 137, 158, 227, 250, 361) .
B. Tight Junctions Are Constituted of a Complex of Proteins
Early models of the tight junction posited that it was composed purely of lipid organized into inverted cylindrical micelles, that constituted the tight junction strands (171, 290) . There now exist three lines of evidence that refute this. First, tight junction strands were found to be resistant to deoxycholate, an ionic detergent that should solubilize lipids (333) . Second, the lipid model predicts that the outer leaflets of the bilayers of adjacent cells are continuous, yet no transfer of glycolipid or a fluorescent probe could ever be demonstrated (267, 375, 376) . Finally, biochemical characterization of the tight junction has now revealed that it is composed of a complex of multiple proteins that include transmembrane proteins, cytoplasmic plaque proteins, signaling proteins, and adapters that link it to the actin cytoskeleton.
The transmembrane proteins are of particular interest. Because they are the only components of the junction that have intramembranous and extracellular portions, it is likely that they mediate all three major functions of the tight junction: barrier, pore, and fence. The transmembrane proteins of tight junctions fall into three groups: the single transmembrane domain proteins, including JAM (junctional adhesion molecule), Crb3 (Crumbs protein homolog 3), and CAR (coxsackievirus and adenovirus receptor); the triple transmembrane domain protein, Bves (blood vessel epicardial substance); and the four-transmembrane domain proteins of the claudin and TAMP (tight junction-associated MARVEL proteins) families, which include occludin, tricellulin, and MarvelD3. Of these, the overwhelming weight of evidence suggests that claudins are the major determinants of paracellular permeability.
III. CLAUDIN GENE FAMILY
A. Evolution of Tight Junctions
Although the necessity to seal body compartments exists in all animals, tight junctions seem to be a relatively new evolutionary achievement. Their presence in all vertebrates and in the invertebrate tunicates (109, 202) appeared to indicate that they are common to all chordates; however, they are not found in the cephalochordate Branchiostoma (203, 393, 394) . Lower invertebrates possess various types of septate junctions, a type of cell-cell contact that, in crosssections, has a ladderlike appearance, with the bars of the ladder spanning an intercellular gap of ϳ15-18 nm (109).
Vertebrates possess septatelike junctions in the axo-glial paranodal junctions (141; for review, see Ref. 293 ). Whereas invertebrate septate junctions and vertebrate septatelike paranodal junctions are seen as having "evolved from a common ancestral precursor" (141) , the relationship between septate junctions and tight junctions is yet unclear. Hemichordates and echinoderms possess two distinct types of septate junctions. One type, called anastomosing septate junction, forms a meshlike network between two adjacent cells (110) , the morphology of which resembles vertebrate tight junctions (109) . This type of septate junctions appears to be also present in cephalochordates (393) . These findings were taken as an indication that septate junctions may be the fore-runners of chordate tight junctions (109) . However, there are reports of truly tight junction-like structures in arthropods, especially in the arachnid hemolymph-CNS barrier (201, 204) . Lane and Chandler (201) therefore see tight and septate junctions as independent structures, both being already present in invertebrates, whereas Green and Bergquist (109) consider arthropod tight junction-like structures as independent, parallel developments to chordate tight junctions (109) .
B. Phylogeny of Claudins
The discovery of the first claudin as a strand-forming tight junction protein was published by Shoichiro Tsukita and co-workers in 1998 (95) . The number of proteins recognized as members of the claudin family has been growing continually since then. As suggested by the morphological studies, claudins have been reported or at least predicted for all vertebrates and for tunicates, but, according to the NCBI database, do not appear to be present in cephalochordates and in lower invertebrates. Whereas for most species only a few claudins are listed, indicating that these are chance observations, more systematic investigations exist especially in fish (e.g., Takifugu rubriens, Danio rerio, Salmo salar), birds (Gallus gallus), and mammals (e.g., Mus musculus, Rattus norvegicus, Bos taurus, Homo sapiens).
Fish appear to possess an exceptionally wide range of different claudins, e.g., 56 different claudins have been reported for the puffer fish Takifugu rubripes (218) . This high number appears to be due to gene duplication processes that are independent from the proposed whole genome duplication in teleost fish (165, 218) . This may be due to the requirements specific to fish, such as osmoregulation and adaptation to different water salinities. Fish that travel from fresh to sea water or back have to undergo dramatic changes in the tight junction composition especially of their kidney and gills, but also of their intestine and skin to adapt to the reversal of osmotic and ionic gradients (25, 46, 74, 80, 173, 354) .
Similarly, terrestrial amphibians have to adapt to different osmotic conditions when they develop from water-dwelling tadpoles to land-dwelling adults. However, the effects of this transition on tight junction structure and composition, e.g., in tadpole gills, adult lungs, or amphibian skin with its remarkably high transport activity, do not appear to have been investigated yet. Indeed, most amphibian claudins reported in the NCBI database to date are from Xenopus laevis and Xenopus tropicalis, which are purely aquatic animals.
There are thought to be 27 mammalian claudin genes, including three distant members that were recently discovered (246, 407) , although disagreement exists as to whether they should all be classified as claudins (224) . Not all of these genes are found in all mammalian species. Claudin-13, for example, is present in rodents but does not exist in humans so that there is now evidence for 26 human claudins, the physiological role of which will be described in more detail in section VI. As indicated in TABLE 1, the nomenclature of claudins 21 and 25-27 is still a matter of debate, and the present review will follow the nomenclature suggested by Mineta et al. (246) .
C. Structure of Claudin Genes and Their Encoded Proteins
Human claudins possess between 207 and 305 amino acids and have calculated molecular masses of 21-34 kDa (see TABLE 1 ). Hydropathy plots indicate four transmembrane helices (TM1-4) and the general structure of all claudins consists of an intracellular NH 2 terminus that, with the possible exception of claudin-5, -16, and -25, is very short, together with a longer intracellular COOH terminus, two extracellular loops (ECL1, which is larger, and a smaller ECL2), and one short intracellular loop. Claudin-5, -16, and -25 appear to be unusual, due to their long NH 2 terminus and, consequently, high molecular mass. However, human mRNAs encoding these three claudins possess two start codons that potentially give rise to a short and long protein version each. The differences lie exclusively within the intracellular NH 2 termini of these proteins (claudin-5, 7 vs. 92 amino acids; claudin-16, 3 vs. 73 amino acids; claudin-25, 4 vs. 27 amino acids), and it is still a matter of debate which version is the physiologically relevant form.
Further typical features of the claudin family include a signature sequence within ECL1 (see below and sect. VII) and a COOH-terminal PDZ-binding motif, through which the majority of human claudins (334) , with the probable exception of claudin-12, -19a, -21, and -24 to -27, (120), are able to interact with PDZ domains of tight-junction associated scaffolding/adapter proteins. PDZ stands for PSD95 (postsynaptic density protein), Dlg1 (Drosophila disc large tumor suppressor), and ZO-1 (zonula occludens-1 protein), the first three proteins, in which these domains had been discovered. Tight junction-associated PDZ domain proteins include ZO-1, -2, and -3, MUPP1, and MAGI-1 to -3. As will be discussed in section VIII, these adaptor proteins also directly or indirectly bind actin and thus anchor the tight junction within the cytoskeleton.
mRNAs encoding mammalian claudins are built from between 1 and 6 exons. The coding sequences (CDS) of most mammalian claudin mRNAs are encoded by only one exon. However, the CDS encoding claudins 1, 7, 10, 11, 15, 16, 18, 19 , and 25 are composed of several exons. For some of these mRNAs, splice variants have been reported that result in different protein isoforms, exhibiting distinct expression pattens and/or function. In general, four types of splice variants can be distinguished.
Splicing of first coding exon
The genes CLDN10, CLDN11, and CLDN18 possess alternative first exons. In both CLDN10 and CLDN18, these give rise to two full length isoforms that differ in their intracellular NH 2 terminus, TM1 and most of ECL1. Whereas ECL1 of claudin-18 -1 and claudin-18 -2 are very similar (87% identity), ECL1 of claudin-10a and claudin10b differ greatly (ϳ32% identity). For both claudins, the respective isoforms have distinct tissue distribution (see sect. VI). In CLDN11, use of the alternative exon 1 results in a downstream in-frame start codon. The resulting isoform 2 is a truncated isoform 1 that lacks the first 84 amino acids, corresponding to the intracellular NH 2 terminus, TM1, and the complete ECL1. 
Splicing of internal exons
A further group of splice variants arises from skipped exons or from deletions due to the use of alternative splice sites. One example is CLDN10a variant 1 that lacks 57 bp at the border between exon 1a and 2. The resulting isoform, claudin-10a_i1, lacks 19 amino acids within ECL1, including one of the conserved cysteines (122) . However, this cysteine may be functionally replaced by a downstream cysteine within ECL1. As described in section VI, this isoform functionally differs from isoform 10a. In mouse kidney, evidence for three further splice variants (10a_v2, 10a_v3, 10b_v) was found (122) . They result from variants 10a, 10_v1, and 10b, respectively, by an in-frame skipping of exon 4. This exon encodes part of ECL2, TM3, and the first eight amino acids of the intracellular COOH terminus. For claudin-18, two further murine isoforms (A1.2, NP 001181851; A2.2, NP 001181852) are listed in the NCBI database. They are truncated versions of isoforms A1.1 and A2.1, respectively, lacking exon 5 and therefore 56 COOHterminal amino acids due to a 12-bp insertion derived from the 5= end of intron 4 (269). The very short COOH terminus does not possess a PDZ binding motif, and the physiological relevance of these truncated isoforms is unknown. In human salivary glands, Kriegs et al. (194) report the presence of a claudin-16 splice variant that consists of exons one and five of CLDN16. Skipping exons 2-4 causes a frame shift so that the resulting isoform consists only of the intracellular NH 2 terminus and part of ECL1 plus 11 further amino acids that are not contained by the full-length claudin-16.
Splicing of the 5= untranslated region
Finally, splice variants within the 5= untranslated region have been reported for claudin-2, -5, -7, -12, -14, and -15; however, the resulting proteins are unaffected. The physiological roles of these splice variants are unknown. (294) . During lens differentiation, membrane insertion of MP20 correlates with the formation of an extracellular diffusion barrier (114). Using single particle electron microscopy, Gonen et al. (102) found that in the absence of divalent cations, MP20 formed tetramers, whereas in the presence of divalent cations these tetramers associated into higher-order species. Three-dimensional reconstructions of MP20 particles resulted in four distinct types, and it is intriguing to speculate that claudins might associate in a similar way. Further members of the pfam00822 family are the gamma subunits of voltage-dependent calcium channels, CACNG1 to -8. A subset of the CACNGs, ␥2 (stargazin), ␥3, ␥4, and ␥8, are subsumed as TARPs (transmembrane AMPA receptor regulatory proteins), as they affect the electrical properties of AMPA receptors, as well as their trafficking and mediate their anchoring by interacting with the synaptic scaffolding protein, PSD-95, through their COOH-terminal PDZ-binding motif (for review, see Ref. 311 ).
D. Claudins as Members of the PMP-22/ EMP/MP20/Claudin Superfamily
All of the pfam00822 proteins are characterized by four transmembrane regions. In contrast to claudins and CACNGs, the COOH termini of PMP-22, EMPs, and MP20 are short and do not appear to posses PDZ binding motifs. Furthermore, ECL1 of PMP-22 and EMP-1 contains one and two consensus sequences for N-linked glycosylation, respectively, and glycosylation has been experimentally verified (for review, see Ref. FIGURE 1 ). Members of the pfam00822 family have also been found in lower invertebrates. In Drosophila, the three pfam00822 family members megatrachea, sinuous, and kune-kune are directly involved in septate junction organization and epithelial barrier function (29, 264, 409) . The function of Caenorhabditis elegans PMP22/claudindomain proteins in cell adhesion and polarization has recently been reviewed by Simske and Hardin (325) . In yeast, there are reports for several "claudin-like" proteins that are, however, not classified as pfam00822 family members by the NCBI database. These proteins are involved in membrane organization [Sur7p (8, 71, 415) A great variety of different phylogenetic trees has been proposed for pfam00822 family members (e.g., Refs. 51, 164, 224, 264, 311, 325, 342, 366, 385, 409) and specifically for claudins (138, 148, 190, 193, 200, 218, 246, 350) , based on sequence similarity either within one species or from various species. Günzel and Fromm (120) recently compared different claudin classification concepts and suggested a phylogenetic tree that sorts human claudins into eight subgroups, which form four major clusters: cluster I (subgroups A/B) claudin-3, -4, -5, -6, -9/claudin-8, - 
IV. EXPRESSION OF CLAUDINS
A. Epithelial Tissues
Claudins are expressed in all known epithelial tissues. Furthermore, in all epithelia there appear to be multiple different claudins expressed simultaneously. (149, 300) . These disappear during development, but can reappear during nephrotic states, coincident with effacement of the foot processes and obliteration of the slit pore (44, 295, 309) . Tight junction proteins such as occludin, JAM-A, cingulin, and ZO-1 are known to be expressed at the base of the slit diaphragm (94) . Claudin-5 is the major claudin expressed in the glomerulus, as assessed by quantitative real-time PCR, and is found throughout the plasma membrane of podocytes (189) . Claudin-6 has also been detected in podocytes, where it is found at the basal membrane, and at the base of the slit diaphragm (423) . In experimental nephrosis induced by puromycin, claudin-6 is upregulated and concentrated at the apparent tight junctions between podocytes; claudin-5 is also recruited to the same location, although its overall expression level is not upregulated. The parietal epithelium of Bowman's capsule, which acts as a
Kidney
FIGURE 1. Claudin family signature sequence in the predicted 1st extracellular loop. Top: Prosite pattern (accession no. PS01346), which is 89% specific for claudin family members (323) . Ambiguities are indicated by listing acceptable amino acids at a given position between square parentheses, "x" is used for a position where any amino acid is accepted, with the range in the number of repetitions indicated in round parentheses. Bottom: updated version to include two other highly conserved residues located upstream and downstream of the classic signature. In addition to standard Prosite syntax, we use uppercase letters to indicate the more frequent residue at a position of ambiguity and lowercase to indicate the rarer one. barrier to macromolecules (277) , consists of squamous cells whose tight junctions express claudin-1 (186, 278 (122, 183, 186, 261, 373) , and claudin-17 (196) . Antibodies to claudin-11 were initially reported to stain proximal tubules from mice (186) and humans (183) , but the data in mice are now in doubt because the antibody used was later found to cross-react with claudin-10 (261). The neonatal proximal tubule, which has a lower chloride permeability than the adult (297), also expresses claudins 6 and 9 (1).
The thick ascending limb of Henle is a quantitatively important site for paracellular reabsorption of the divalent cations Ca 2ϩ and Mg 2ϩ (123) . In addition, some of the Na ϩ reabsorbed in the medullary part of this nephron segment is also thought to occur paracellularly, thus enhancing the metabolic efficiency of transcellular Na ϩ reabsorption. The thick ascending limb is known to express claudins 10, 14, 16, 18, and 19 (14, 103, 144, 186, 191, 324, 373) , and possibly 3 (144, 186) . Claudin-16 (also known as paracellin) and claudin-19 are of particular interest because mutations in these genes cause familial hypercalciuric hypomagnesemia with nephrocalcinosis (FHHNC), an autosomal recessive disorder characterized by renal Ca 2ϩ and Mg 2ϩ wasting (191, 324 ) (see below). The aldosterone-sensitive distal nephron, which encompasses the distal convoluted tubule, connecting segment and collecting duct, is the last section of the nephron and is responsible for fine-tuning the urinary composition. It expresses claudins 3, 4, 7, 8, 14, and 18 (30, 169, 245, 365, 418) . It also expresses claudin-10 (373), predominantly 10a in the cortical collecting duct and 10b in the outer and inner medullary collecting duct (122) .
The urinary bladder epithelium is probably the tightest mammalian epithelium (transepithelial resistance 75,000 to Ͼ100,000 ⍀·cm 
Gastrointestinal tract
In the rat stomach, the expression of claudins 2-5 has been examined (298) . Claudin-3 is most strongly expressed in the surface epithelial cells of the stomach, predominantly along the basolateral membrane, while claudin-4 is expressed mainly at the tight junction in proximal gastric glands, and claudin-5 is uniformly expressed from the base of the glands to the surface and, like claudin-3, is located on the basolateral membrane. Claudin-2 was not detected in the stomach. In addition, claudins 12 (138) and 23 (178) as well as claudin-18, splice variant 2 (269) , are also known to be highly expressed in human stomach.
Expression of claudins 1-19 has been examined throughout the rat and mouse intestine (91, 139, 298) and of claudins 20 -24 in the mouse upper small intestine (344) . All claudins were detectable by RT-PCR except 6, 16, 19, 22, and 24. Claudins 2, 3, 7, and 15 are the most highly expressed. Some claudins exhibit a striking regional distribution. Claudin-8 expression increases progressively from small intestine to colon, while claudin-15 decreases along the same axis. Expression of claudins 2, 5, 7, and 10 peaks in the ileocecal region, claudin-13 was only detectable in the colon, and claudin-18 was only in the duodenum and jejunum. Several claudins displayed selective expression along the crypt-villus axis. Claudin-2 is confined to the deep crypts (91, 230, 298) . Claudin-10 and -15 are expressed throughout the epithelium in small intestine but are localized to crypts in the colon (91, 139) . By immunofluorescence detection of the subcellular distribution, claudins 2, 8, 10, 12, 15, and 18 were found to be restricted to the tight junction while claudins 1, 3, 4, 5, and 7 were frequently found along the basolateral membranes (91, 139, 298) . Western blots of human sigmoid colon biopsies have confirmed the expression of claudins 1-5, 7, and 8 (42, 420) .
Developmental changes in claudin expression during neonatal life have been observed in the mouse jejunum (139) . Claudin-19 was detected predominantly in the first 2 wk after birth and was no longer expressed after 28 days. Claudin-2 was expressed throughout the epithelium at high levels at birth, but decreased markedly in expression and became progressively restricted to the crypts over 90 days. In contrast, claudins 3, 4, 7, and 15 increased progressively in expression during early life, and claudin-15 was found to migrate from the crypts to the surface epithelium over this period. Expression of selected claudins in embryonic development has been examined in the chick intestine (284) . Claudins 3, 5, and 16 were found to exhibit peak expression at 20 days prehatch and then decline rapidly after birth. Interestingly claudin-16 protein in this study was detected in goblet cells.
In the liver, claudin-1 is expressed at the tight junctions of hepatocytes and also along the lateral membrane of bile duct cholangiocytes (97, 125) . Claudin-2 is expressed in hepatocyte tight junctions with a progressive increase from periportal to pericentral hepatocytes, claudin-3 is expressed uniformly in hepatocyte and cholangiocyte tight junctions, claudin-5 is expressed in endothelial cells of the portal veins and hepatic arteries, and claudin-4 was not detected (298) . Claudin-7 is expressed in the basolateral membrane of cholangiocytes but not in hepatocytes (167) . There is also evidence for liver expression of claudins 6 (424), 8 (253), 9 (424), and 14 (398) . In the gall bladder epithelium, claudins 1-4 and 10 are expressed strongly and claudins 7 and 8 weakly (206, 265) .
Respiratory tract
In the mammalian proximal airways, claudins 1, 3, 4, 5, 7, 10, and 18 (splice variant 1) have been shown to be expressed in bronchi and bronchioles (58, 170, 251, 269) . Claudin-2 was not detected in one study (58) but in two others was found in cytoplasmic granules of airway epithelial cells (170, 251) . Claudin-7 was found to be expressed basolaterally, as in other epithelia, and was barely, if at all, detected in the tight junction (33, 170) . Claudin-10 expression appeared to be confined to Clara cells (421) .
In the distal lung, claudins 3, 4, 5, 7, 8, 15, and 18 have been shown to be expressed (170, 253, 269, 303, 382) . Claudins 3, 4, and 7 are predominantly expressed in alveolar type II cells (170, 382) , while claudin-5 is expressed in most alveolar epithelial cells (382) . Freshly isolated alveolar type II cells express claudins 3 and 5 most abundantly (47) as well as claudin-18 (405), but after primary culture for 1 wk and transdifferentiation to alveolar type I cells, claudins 4 and 7 are markedly upregulated (47) . Claudin-1 could also be detected in the lungs by RT-PCR (47) and immunostaining (382) but only at very low levels. 
Other epithelia
B. Endothelia
Vascular endothelial cells also have tight junctions and express multiple claudins. Claudin-5 is by far the predominant claudin (255, 270) , but claudins 1 (212), 3 (401), and 12 (270, 279) have also been reported. In a purified preparation of brain capillary endothelial cells, claudins 10 and 22 were also reported to be expressed at significant levels (280) . In brain capillary endothelial cells, claudin-5 mRNA levels are almost 600-fold higher than claudin-3 (280) . In general, the number of claudin isoforms that have so far been identified in endothelia is far less than those in epithelia, suggesting that there are probably going to turn out to be a number of epitheliumspecific isoforms, including most of the pore-forming claudins.
C. Other Tissues
In addition to epithelia and endothelia, claudins are also found in a variety of other cell types. Claudin-11 and -19 are expressed in interlamellar strands of myelin sheaths in the central and peripheral nervous system, respectively, where they serve to insulate myelinated nerves and facilitate nerve conduction (108, 249, 254) . Claudin-4 is expressed in pancreatic islet cells (298) , which have tight junction-like strands on their cell surface (282) . In mouse, claudin-13 is expressed in hematopoietic tissues, including the bone marrow, thymus, and spleen (350) . Claudins have also been described in lymphocytes and monocytes (225), dendritic cells (197, 428) , thymocytes (181), osteoblasts and osteoclasts (216, 404) , astrocytes, and even neurons (73, 304) under certain situations.
D. Subcellular Localization
In almost all cells, multiple claudin isoforms are expressed simultaneously at the tight junction, and distributed among all the faces that form cell-cell contacts. Interestingly, though, Dieter cells (DC) and outer hair cells (OHC) in the organ of Corti form a hybrid tight junction/adherens junction in which claudin-14, claudin-6/9 partition into distinct subdomains of the junctional complex (273) . Furthermore, claudin-14 is restricted to heterotypic DC-OHC contacts and is absent from homotypic DC-DC contacts. This hierarchy of claudin localization seems to be unique to this junction.
As mentioned above, claudins are also frequently found outside the tight junction, usually at the lateral membrane, with claudin-7 being a particularly striking example. Non-tight junction claudin localization has three general functions: 1) formation of unconventional adhesive cell contacts. For example, claudin-1 mediates contacts between dendritic cells and the epidermis (197) , and claudin-2 mediates contacts between metastatic breast cancer cells and hepatocytes (339) . 2) Interaction with other cell surface receptors such as other cell adhesion molecules (199) , tetraspanins (131, 192, 199, 355) , integrins (70, 355) , and even the T cell receptor (181). 3) Intracellular signaling: for example, claudin-18 in osteoclasts inhibits ZO-2 signaling and thereby inhibits osteoclast differentiation and bone resorption (216) . There are also reports of nuclear localization of claudins (85), suggesting the intriguing possibility that, like other junctional proteins such as ZO1/ ZONAB, ZO2, and beta catenin, they may be more directly involved in regulating gene expression, perhaps in the context of cancer development. However, their actual role, if any, in the nucleus is still unknown.
V. ROLE OF CLAUDINS IN PARACELLULAR BARRIER AND PORE FORMATION
A. Evidence That Tight Junctions and Claudins Regulate Paracellular Permeability
Evidence for the role of tight junctions as intercellular barriers was historically based on observations from two different fields: electron microscopy and electrophysiology.
Conventional transmission electron microscopic images of sections through epithelial cell layers showed regions within the lateral space, close to the apical pole of the cells, where the membranes of neighboring cells appeared to fuse in a series of "kissing points" (54, 84; for review, see Refs. 68, 252, 357) . Freeze-fracture electron microscopy revealed a complex network of tight junction strands; after the discovery of tight junction proteins, immuno-gold staining proved that it is these proteins that constitute tight junction strands (90, 95, 418) . Knowledge of the molecular identity of tight junction proteins also opened ample possibilities to apply further optical methods such as immunofluorescence staining or direct fusion with fluorescent proteins combined with confocal laser scanning microscopy and, recently, spectral position determination microscopy (179) . Transfection of nonpolarized cells (fibroblasts, HEK293 cells) with tight junction proteins demonstrated that claudins are able to spontaneously form tight junction-like strands in contacts of these cells, whereas other tight junction proteins, such as occludin, are not (95, 99, 291) .
Electrophysiological studies on epithelial layers demonstrated that formation of tight junctions is accompanied by an increase in transepithelial resistance. Direct correlation of transepithelial resistance with the number of tight junction strands observed in freeze-fracture images indicated that there is a logarithmic relationship, rather than the linear relationship expected from simply adding unit resistances for each strand in series (53, 54, 150, 223 ability of tight junction strands which she estimated to be 0.4.
Several studies, however, found similar numbers of tight junction strands in preparations that greatly differed in transepithelial resistance (96, 104, 332) . Furthermore, diffusion potential measurements across epithelia demonstrated that the high paracellular conductance of some lowresistance epithelia was charge-selective (cation preferring: Refs. 87, 113, 213; anion-preferring: Ref. 327 ). In addition, flux studies with charged and uncharged solutes of different sizes showed that the paracellular pathway had two different size limits (135, 187) . Interestingly, the radius of the small pore was very similar in Caco-2 and T84 cells (4.3 Å; Ref. 387) , even though transepithelial resistance of T84 cell layers was almost a factor of 10 larger than that of Caco-2 cells. These observations indicate that a low resistance does not necessarily mean an "imperfect" TJ but that conductance for certain ions may be a built-in property of TJ strands.
In 1977, Diamond (69) coined the expression "gate" to refer to the ability of tight junctions to specifically regulate paracellular transport. The expression gate includes two aspect of paracellular barrier function: 1) the ability of tight junctions to restrict paracellular diffusion processes, and 2) the aspect of paracellular channel function, i.e., the ability to selectively allow paracellular transport of certain ion species. The concept of claudins forming paracellular pores was put forward almost immediately after their discovery (99, 324, 403) . Shortly afterwards, claudin-2 was demonstrated to act as a paracellular cation channel (10, 96) . The ability of certain claudins to form either paracellular barriers or act as paracellular ion channels will be further discussed in the next sections.
B. Barrier-Versus Pore-Forming Claudins
When considering barrier or channel properties of a certain claudin, it has to be kept in mind that all claudins that insert into the cell membrane and interact with claudins from neighboring cells contribute towards a barrier, if compared with the situation of cells without any tight junctions. In that respect, all claudins are barrier-forming proteins. However, if there is already a preexisting TJ, then barrierforming claudins should cause a further increase in transepithelial resistance, whereas pore-forming claudins should cause a decrease when inserted into this TJ. Conversely, knock-down of a barrier-forming claudin should cause a decrease in transepithelial resistance, knock-down of a pore-forming claudin an increase. Specific pore formation through claudins has to be further distinguished from the formation of an nonspecific paracellular leak. Thus a pore should specifically increase paracellular permeability either for molecules of a certain size or of a certain charge (or both) but leave the epithelial barrier function against macromolecules intact.
So far, only few claudins unequivocally qualify as poreforming claudins: claudin-2, -10b, and -15 as cation pores and claudin-10a and -17 as anion pores (10, 122, 159, 196, 343, 364, 373, 416) . Others have been reported to form pores only when specifically interacting with another claudin. Thus a combination of claudin-16/-19 has been reported to act as cation pore and claudin-4/-8 as anion pore (145, 146) . TABLE 4 summarizes our current knowledge of the permeability properties of claudin family members.
C. Charge Selectivity of Claudins
Claudins, whether acting predominantly as barriers or pores, are capable of altering the charge selectivity of the paracellular conductance. This selectivity is thought to be conferred by charged sites within the paracellular pathway formed by the claudin. Electrophysiological measurements, such as diffusion potential measurements ("dilution" and "bi-ionic" potentials, Ref. 27) have been the principal approach to investigate charge selectivity properties. The theoretical basis for ion channel selectivity was first developed by Eisenman (77) to describe the equilibrium ion selectivity of glass electrodes. It was soon found that these concepts could also be applied to the interaction of permeating ions with electrostatic sites in biological membranes. In Eisenman's theory, ion selectivity is dependent on the thermodynamic equilibrium between ions that are hydrated in free solution and dehydrated ions that can enter the pore and be stabilized by interaction with electrostatic binding site(s).
He deduced that at electrostatic binding sites with low electrical field strengths, the equilibrium is dominated by dehydration energies and hence favors large, weakly hydrated ions, while high field strength binding sites favor smaller dehydrated ions because of their higher binding energies. Thus permeability sequences for monovalent cations parallel their hydrated ion radius for weakly interacting pores (permeability P Li Ͻ P Na Ͻ P K Ͻ P Rb Ͻ P Cs , Eisenman sequence I), whereas they parallel their dehydrated ion radius for strongly interacting pores (P Cs Ͻ P Rb Ͻ P K Ͻ P Na Ͻ P Li , Eisenman sequence XI).
Eisenman sequences were determined in the 1970s in leaky epithelia such as rabbit gallbladder (27, 406) and cultured kidney tubule cell lines (45) , and it was already concluded that there must be a charge-selective paracellular permeability with strong electrostatic interaction sites. Similar results were found by Tang and Goodenough in their reinvestigation of paracellular permeability properties (346) . Claudins are now known to be largely responsible for these properties. Amasheh et al. (10) overexpressed claudin-2 in MDCK C7 cells, which normally exhibit a P Na /P Cl ϳ1, and observed that P Na /P Cl greatly increased to values Ͼ5. The increase in permeability was accompanied by a drop in transepithelial resistance (10, 96) , indicating that the presence of junctional claudin-2 caused the formation of cation-selective channels sufficient to transform a "tight" tight junction into a leaky one. Yu et al. (416) determined the claudin-2-induced permeability sequence in MDCK I cells as P K Ͼ P Rb Ͼ P Na Ͼ P Li ϾϾ P Cs , resembling Eisenman sequences V-VIII. This supported the idea that the cation selectivity of claudin-2 was conferred by a moderately strong negatively charged binding site. Transfection of MDCK C7 cells with claudin-10b resulted in an increase in Eisenman sequence from IV in vector transfected control cells (P K Ͼ P Rb Ͼ P Cs Ͼ P Na Ͼ P Li ) to X (P Na Ͼ P Li Ͼ P K Ͼ P Rb Ͼ P Cs ), consistent with the presence of a strong interaction site in that claudin. In contrast, the anion channel claudin-17 showed less interaction between channel and permeating ion than the vector transfected MDCK C7 control cells, as it changed the permeability sequence observed under control conditions (P F Ͼ P Cl Ͼ P Br Ͼ P I ) to P Cl Ͼ P Br Ͼ P J Ͼ P I (196) .
There is now strong evidence to suggest that the charge selectivity of claudin-based ion channels depends mainly on certain charged amino acids within the first extracellular loop (see sect. VII).
D. Water Selectivity of Claudins
To date, claudin-2 is the only claudin that has been demonstrated to enhance paracellular water permeability upon overexpression in MDCK C7 cells (306) . Neither overexpression of claudin-10b nor of claudin-17 altered water permeability of MDCK C7 cell layers (196, 306) . Interestingly, not only were osmotic gradients able to drive water across claudin-2 transfected cell layers, but also NaCl gradients that were osmotically compensated by the addition of mannitol. Conversely, water movement elicited by osmotic gradients was accompanied by Na ϩ flux (306), sug- Based on in vitro overexpression or knockdown studies in cultured cell lines. We assume that permeability and selectivity are properties intrinsic to individual claudin isoforms and ignore the possible confounding effect of heteromeric interactions between isoforms. Pore-forming claudins refer to those that predominantly decrease transepithelial resistance (TER) or increase solute permeability, while barrier-forming claudins refer to those that predominantly increase TER or decrease solute permeability. The distinction is somewhat arbitrary since most claudins probably have some finite permeability to most solutes, and the observable phenotype is highly dependent on the properties of the host cell line (16, 364) . a Acts as a Cl Ϫ barrier in MDCK II cells but as a Na channel in LLC-PK1, MDCK I cells and in mouse intestine.
b Conflicting data as discussed in detail in section VI. c Conflicting data also exist suggesting claudin-19 can act as a Na ϩ barrier (14) . d Acts as a Na ϩ barrier in MDCK II cells but as a Cl Ϫ pore in LLC-PK1 and/or collecting duct cells.
gesting that water and Na ϩ were transported through the same pore. That claudin-2 is permeable to water as well as Na ϩ is not that surprising given that its pore radius is 3.25-4 Å (see below, Refs. 370, 416) and the diameter of a water molecule is 2.8 Å. What is unclear is whether this property plays any important physiological role or whether it is simply an unavoidable leak that is a consequence of the size of the cation pore.
E. Size Selectivity of Claudins
Most studies of tight junction permeability have found the presence of two populations of pores, corresponding to a small pore or restrictive pathway, that is permeable to small ions and neutral solutes, and a much larger pore or nonrestrictive pathway (sometimes referred to as the "leak" pathway) that is permeable to macromolecules. Tight junctional pore size was first investigated in Caco-2 cells and two types of pores were found (4.3-4.6 Å and 14.6 Å in radius, Refs. 187, 387). In a different approach, Guo et al. (124) modeled permeabilities for rat proximal tubule epithelium. They suggested a large slitlike pore type with a height of 19.6 nm, possibly resulting from TJ strand breaks, and a small circular pore type with a pore radius of 6.68 Å. They explained the larger dimensions by the fact that they took hydrodynamic resistance due to the pore walls into consideration in their calculations, whereas such interactions were neglected in other approaches. In accordance with Guo et al. (124), Saitoh et al. (312) estimated the TJ pore radius of Caco-2 cells to be 7 Å.
Watson et al. (387) used polyethylene glycol (PEG) profiling, i.e., simultaneous flux measurement of 24 PEGs of different size, to investigate alterations in paracellular pore size induced by EGTA and sodium caprate in Caco-2 and T84 cell layers. They found that EGTA increased pore size, whereas sodium caprate increased pore number but did not affect pore size. In a subsequent study Watson et al. (386) investigated effects of IFN-␥ on T84 barrier function. Again, they found evidence for two different pore populations (restrictive pathway, pore radius ϳ4.5 Å; nonrestrictive pathway, pore radius Ͼ23 Å). IFN-␥ increased the abundance of the larger pore population but had no effects on the pores with smaller diameters (386) . Van Itallie et al. (370) used a similar profiling technique to investigate pore sizes in five different epithelial cell lines and in porcine ileum and estimated an apparent pore size of ϳ4 Å radius for the smallest pore population in all preparations. All preparations had a further population with a pore radius ϾϾ8 Å. However, in ileum and Caco-2 cells there was evidence for a third population with a radius of ϳ6.5 Å.
Claudins seem to be mainly responsible for the small pore (ϳ4 Å) pathway. Overexpression of claudin-2 in MDCK II as well as MDCK C7 cells (cells with and without endogenous claudin-2 expression, respectively) increased the abundance of this pore population (370) . However, knockdown of claudin-2 in MDCK II cells did not alter pore abundance, although it effectively increased transepithelial resistance. Neither was pore abundance affected by the overexpression of claudin-4, -14, or -18, conditions under which transpithelial resistance was increased. Finally, mannitol permeability was found to be unaffected by claudin-2 overexpression, indicating that mannitol, with a radius of 4.2 Å is not able to pass through claudin-2-based pores (370) . The lack of correlation between transepithelial resistance and PEG or mannitol permeability indicates that there may be several populations of small pores in parallel and that some pore types effectively exclude uncharged molecules.
In an alternative approach, Yu et al. (416) estimated the pore radius of claudin-2-based pores to be ϳ3.25 Å in their narrowest point. In contrast, claudin-17-based pore diameters have been estimated from permeabilities for different organic anions to be ϳ5 Å (196 (196) , claudin-10a increased NO 3 Ϫ permeability but decreased pyruvate permeability (122) , when overexpressed in MDCK C7 cells.
F. Role of Background in Phenotype of Claudin
In many cases it is impossible to allot a claudin to the group of either pore-or barrier-forming TJ proteins, because effects of overexpression or knock-down on transepithelial resistance differ in different preparations. Obviously, in these cases, properties depend on the TJ protein background within the chosen cell systems. Several mechanisms may underlie such behavior.
Masking
Insertion of a pore-forming claudin into an originally leaky TJ, or of a barrier-forming claudin into an originally tight TJ may prevent detection of specific properties. Thus the cation pore-forming properties of claudin-10b were obvious in MDCK C7 cells which form very tight TJs, whereas they could not be detected in MDCK II cells which exhibit high endogenous expression of the cation pore-forming claudin-2 (122, 373) . In contrast, anion pore formation of claudin-10a was obvious in the cation-preferring MDCK II cells but only just detectable in MDCK C7 cells (122, 373) .
Displacement
Overexpression of one claudin may cause displacement of an endogenous claudin from the TJ. If the displaced claudin has a strong effect on ion permeability, the observed changes may be (erroneously) attributed to the overexpressed claudin. Displacement was, for example, responsible for at least part of the tightening effects of claudin-8 which was observed upon overexpression in MDCK II cells (15) . In a subsequent study it was demonstrated that claudin-8 had displaced claudin-2 from the TJ and that the removal of this pore-forming claudin had caused at least part of the observed tightening (16).
Specific interaction
Recently, evidence has been presented that some claudins specifically need another claudin to translocate to and insert into the TJ and/or to be fully functional within the TJ. Two such pairs have been described: claudin-16/-19 (144, 145) , which together form a cation pore, and claudin-4/-8 (146), which form an anion pore. Studies in cell culture as well as in a knock-down mouse model suggested that claudin-16 is only inserted into the TJ, if claudin-19 is also present and vice versa (144, 145) . As described below, however, these findings are controversial. For two other pairs of potentially interacting claudins, claudin-10a/-10b and claudin-10a/-10a_i1, interaction is not necessary for correct insertion into the TJ but solely modulates existing pore properties (122) . Thus claudin-10a and -10b, when interacting through their extracellular loops in coculture experiments, still form cation channels, but these channels fail to remove the hydration shells of the permeating ions, resulting in Eisenman sequence I for monovalent cations. Claudin10a_i1 slightly alters the anion pore properties of claudin10a, preventing the restriction of the pore for organic anions (122).
G. Gating of Claudin Pores
A fundamental property of transmembrane channels at the molecular level is gating of the pore. This constitutes a mechanism by which channel permeability can be regulated by voltage, extracellular ligands, and intracellular or intramembrane signals. Whether paracellular claudin pores also exhibit gating is unknown. Claude found a logarithmic relationship between the number of TJ strands and the transepithelial resistance (TER). She inferred that there might be individual channels in each strand that gate, with each have a finite probability of being open (53) . However, subsequent studies have not found a consistent relationship between the number of strands and TER. With the discovery of claudins, the idea that the permeability properties of the individual claudins determined TER became increasingly accepted. However, the question of whether claudins exhibit gating remained unanswered. The field has been hampered by the lack of a method to assess claudin permeability at the single molecule level. Weber et al. recently presented preliminary data showing that they can patch clamp the apical membrane in the region of the TJ and identify stochastic conductance increases consistent with gating of individual claudin channels (391) . This promises to be a powerful method to study regulation of claudin permeability by modulation of its gate.
H. Role of Claudins in Nonselective Leak
Two major hypotheses have been put forward to explain paracellular permeability or leak of macromolecules. The first hypothesis is that TJ strands occasionally exhibit breaks across which macromolecules are able to diffuse from TJ mesh to TJ mesh and then reseal, without the necessity to permanently open up a large gap across the entire TJ system (12, 96) . Indeed, such dynamic breaking and reannealing has been observed in tight junction-like strands that form in fibroblasts transfected with claudin-1, but whether this happens physiologically in native epithelia is unknown (318) . A corollary of this is that claudins which increase strand dynamics and favor the appearance of gaps could perhaps increase permeability to macromolecules. Findings that suggest that this hypothesis holds true may come from electron microscopic studies employing lanthanum as an electron-dense paracellular marker. Images from several publications show that lanthanum is able to pass several tight junctional "kissing points" before it is stopped, often only at the apical-most TJ strand when added basolaterally (86, 101, 263) . One uncertainty in the interpretation of these data is that the possibility that La 3ϩ might pass through the specific claudin pore pathway is not excluded. Its unhydrated radius is 1.15 Å and thus small enough to pass these channels, and even its hydrated radius is close to the estimates for claudin-based pores (4.52 Å, Ref. 268) . Interestingly, the fact that La 3ϩ usually does stop at the apical-most strand may indicate that composition of strands differs within the basal to apical span of a TJ, but to date there are no experiments that prove such differences between the strands of one TJ.
An alternative hypothesis is that the leak occurs at the tricellular junction. This is based on the observation that moderate overexpression of tricellulin specifically reduces paracellular permeability to macromolecules, but not to small inorganic ions. Under these conditions, tricellulin displays a strictly tricellular distribution. The lack of effect on ion permeability can be explained by the scarcity of tricellular junctions compared with the abundant claudin-based bicellular pores that dominate ion permeability. Electron microscopy supports this hypothesis: at points where three cells meet, the TJ extends further towards the basolateral side of the cell layer and forms a tube with a length of ϳ1 m and a diameter of ϳ10 nm (330). It is not yet clear whether claudins contribute towards the structure of the tricellular TJ.
In summary, it is clear that loss of TJ integrity increases the passage of macromolecules so that conditions that cause a withdrawal of claudins from the TJ, such as exposure to EGTA, increase nonselective leak (370, 387) . However, whether any claudins play a specific role in paracellular permeability to macromolecules remains yet unsolved.
VI. PHYSIOLOGICAL AND IN VIVO ROLE OF INDIVIDUAL CLAUDINS
A. Claudin-1
Claudin-1 is expressed ubiquitously in most tissues of the body (95) . In in vitro overexpression studies, it acts predominantly as a "barrier claudin" to increase TER (115, 160, 238) , suggesting that it may play a general role in epithelial barrier function. Claudin-1 is expressed in the epidermis and clearly plays an important role in the skin barrier (38, 97) . Knockout of claudin-1 in mice leads to loss of the tight junctional barrier to water and macromolecules at the stratum granulosum of the epidermis. As a consequence, these mice die of dehydration in the neonatal period (97) . Downregulation of claudin-1 is also found in other skin diseases associated with dry skin, including atopic dermatitis and psoriasis (63, 388) . Claudin-1 is also expressed in cholangiocytes and hepatocytes and acts as a barrier in the hepatic biliary ducts (115), presumably against bile salt leakage. Consistent with this, loss of function mutations in claudin-1 cause a human disease, neonatal sclerosing cholangitis associated with ichthyosis (125).
B. Claudin-2
Claudin-2 is highly expressed in leaky epithelial tissues, including the proximal tubule of the kidney (79, 186) and the intestinal crypts (298) . Its in vitro properties are among the most well studied of all the claudins. When overexpressed in epithelial cell lines, it acts as a high-conductance, cation-permeable paracellular pore (10, 96, 364, 416) . The pore has a radius of 3-4 Å (370, 416) , is also permeable to water (306) , and is partially permeable to and inhibited by calcium (416, 417) .
In the kidney, global knockout of claudin-2 in mice leads to a reduction in the Na ϩ conductance of proximal tubule S2 segments and reduced net reabsorption of Na ϩ , Cl Ϫ , and water (261) . Under normal circumstances with free access to water and food, the claudin-2 null mice displayed normal appearance, activity, growth, and normal serum and urine biochemistry. However, fractional excretions of Na ϩ and Cl Ϫ were increased when they were challenged with a saline load. These observations suggest that claudin-2 acts as the paracellular cation pore for passive reabsorption of Na ϩ in the late proximal tubule, which secondarily drives Cl Ϫ and water reaborption in this segment. This seems to be necessary for maximal NaCl excretory capacity. Interestingly, claudin-2 null mice also had hypercalciuria, which suggests that claudin-2 also plays a role in reabsorbing Ca 2ϩ paracellularly in the proximal tubule. They also had both higher urine volume and lower urine osmolality than normal littermates, which may reflect loss of water permeability.
The small intestine of claudin-2 knockout mice exhibits reduced transepithelial conductance and Na ϩ permeability that is more striking in infants, in whom claudin-2 is also expressed in the villus, than in adults, in whom claudin-2 is confined exclusively to the crypts (343) 
C. Claudin-3
Claudin-3 is expressed in a wide variety of epithelia, such as respiratory, urinary and gastrointestinal tract, and salivary and mammary glands. It is also a constituent of the bloodbrain and blood-testis barrier. A great wealth of studies indicate that claudin-3 acts as a barrier-forming TJ protein. 2 ) so that a further increase might not have been possible. However, claudin-3 overexpression did not induce any decrease in transepithelial resistance (as did claudin-2 within the same study) and due to the very high resistance of these cells, any conductance added to the paracellular pathway should have caused a breakdown of such a barrier. Thus pore formation through claudin-3 could be ruled out. Coyne et al. (58) stably expressed claudin-3 in NIH/3T3 fibroblasts and observed a reduction in paracellular permeability for extremely large molecules (2,000 kDa dextran) and the development of a small resistance across the transfected fibroblast cell layer. Milatz et al. (245) overexpressed claudin-3 in low-resistance MDCK II cells. They found an increase in transepithelial resistance that, by use of two-path impedance spectroscopy, could be solely attributed to a 9-to 15-fold increase in paracellular resistance. Conversely, siRNA-induced, as well as oxidative-stress induced decrease of claudin-3 expression in MKN28 gastric epithelial cells (132) , ochratoxin A (a fungal molds toxin) induced loss of claudin-3 from tight junctions of Caco-2 cells layers (239) as well as a TRPV4 activation-induced downregulation of claudin-3 in HC11 mammary cells (301) caused a decrease in barrier function. In Sertoli cells of mouse testis, claudin-3 is transiently expressed during puberty, when the blood-testis barrier develops as judged by decreasing biotin permeability. In mice with a conditional androgen receptor knock-down, Sertoli cells lack claudin-3 expression, and biotin permeability remains high (241) . Claudin-3 is also a constituent of the blood-brain barrier, and it is selectively lost from endothelial tight junction under conditions that cause a loss of blood-brain barrier function, such as autoimmune encephalomyelitis and in glioblastoma tumors (401) .
In contrast, there are recent reports from alveolar epithelial cells, in which claudin-3 appears to be greatly upregulated under conditions of decreased barrier function (47, 247) . When overexpressed in alveolar epithelial cells, transepithelial resistance was found to decrease and fluxes of paracellular marker substances (600 Da calcein; 10 kDa dextran) increased (247) . However, during these experiments, shortcircuit current (I sc ) was also increased so that at least part of the observed effects are probably due to transcellular effects.
D. Claudin-4
Claudin-4 is most strongly expressed in the kidney, primarily in the collecting ducts, and in the lung. In vitro, depending on the cell type investigated, it acts either as a general barrier (243) , as a Na ϩ barrier without affecting Cl Ϫ permeability (364, 365) or, when interacting with claudin-8, as a Cl Ϫ /anion pore (146) . In the kidney, claudin-4 has been postulated to constitute the passive Cl Ϫ permeability in the collecting duct and thereby facilitate NaCl reabsorption driven by electrogenic Na ϩ transport through the epithelial Na ϩ channel, ENaC (146) . In the lung, it has been suggested that claudin-4 maintains a tight alveolar Na ϩ barrier and so prevents leakage of fluid and electrolytes into the alveolar space. Consistent with this, treatment of mice with a COOH-terminal peptide of Clostridium perfringens enterotoxin (CPE) that removes claudin-4 (but also claudin-3) from the tight junction inhibited air space fluid clearance and exacerbated ventilator-induced pulmonary edema (405) . Furthermore, in ex vivo perfused lung specimens from human donors, claudin-4 expression was positively correlated with alveolar fluid clearance (303) . In the colon, there is indirect evidence that claudin-4 acts to tighten the paracellular pathway, as claudin-4 is downregulated under various conditions that cause increased permeability (for review, see Ref. 120 ).
E. Claudin-5
Claudin-5 is one of only three claudins that have a long NH 2 terminus. Interestingly, Wang et al. (382) observed two anti-claudin-5 antibody-reactive bands in their Western blots, and only the lower band protein was upregulated in the presence of methanandamide. It is intriguing to speculate that the two bands may reflect the long and short version of claudin-5 generated by the two start codons within the CLDN5 gene. Claudin-5 is the predominant claudin expressed in endothelial tight junctions (255) . Endothelial tight junctions appear to be particularly important in vascular endothelium of the blood-brain barrier, where they have been shown to be tight and impermeable to macromolecules (299) , unlike the looser cell junctions found in endothelia of other tissues (175) . Claudin-5 plays an important role in the blood-brain barrier to small molecules. Knockout of claudin-5 in mice allowed rapid extravasation of tracers with molecular mass below ϳ800 Da into brain and spinal cord parenchyma, while in control mice these tracers were restricted to the intravascular compartment (270) . Claudin-5 null mice died within 10 h of birth, but the underlying cause was unclear. Claudin-5 is also expressed in some epithelial tissues, most notably in alveolar epithelium of the lung (253, 382) , but its physiological role there is unknown.
F. Claudin-6
Claudin-6 is one of the earliest molecules expressed during epithelial differentiation, and its expression is largely confined to embryonic and fetal life (1, 133, 358) . In vitro, it appears to act as a Na ϩ and Cl Ϫ barrier when transfected into MDCK II cells (317) . Tight junctions containing claudins 4 and 6 are expressed in the trophectoderm, which covers the surface of the blastocyst, and form a permeability seal. This is thought to be important for vectorial transport of ions and water to generate the blastocoel cavity (32) . Consistent with this, culture of mouse embryos with CPE, which inhibited claudin-4 and -6 expression, induced breakdown of the trophectoderm barrier to FITC-dextran and inhibition of normal blastocyst formation (256) . However, claudin-6 knockout does not affect mouse development, viability, and behavior (13) so that the CPE effect may be primarily due to the removal of claudin-4. On the other hand, when mice were made transgenic to induce unregulated overexpression of claudin-6 in the epidermis, they exhibited loss of the normal skin barrier to macromolecules with consequent transepidermal water loss and neonatal death (360) . This indicates not only that the presence of claudin-6 is important in normal epithelial barrier development, but that the precise balance in the amount of its expression is also important.
G. Claudin-7
Claudin-7 is expressed in a variety of epithelial tissues, with the lung and the aldosterone-sensitive distal nephron of the kidney having the highest levels (7, 211, 253) . In vitro studies of its function have come to conflicting conclusions. Alexandre et al. (7) found that overexpression of claudin-7 in LLC-PK cells caused a decrease in the permeability to Cl Ϫ and a simultaneous slight increase in the permeability to Na ϩ , suggesting that it is an cation-selective claudin. On the other hand, Hou et al. (142) found that knockdown of claudin-7 in MDCK and LLC-PK cells increased Na ϩ permeability or decreased Cl Ϫ permeability, respectively, sug-gesting the opposite conclusion, that claudin-7 is anion selective. In the light of the recent discovery, that claudin-17 acts as a strong anion channel and is highly expressed in both MDCK II and LLC-PK1 cells, the discrepancies between the two studies may be secondary to potential changes in claudin-17 (196) . Mice with complete knockout of claudin-7 have urinary Na ϩ , Cl Ϫ , and K ϩ wasting, dehydration, and growth retardation, and findings consistent with secondary hyperaldosteronism, and die within 12 days of birth (349) . Since the distal nephron, and specifically the connecting tubule and collecting duct, mediates electrogenic Na ϩ reabsorption, accompanied by passive paracellular Cl Ϫ transport, these findings appear to favor the hypothesis that claudin-7 acts as a paracellular Cl Ϫ pore (316) . The other relatively unique feature of claudin-7 is that it is also strongly expressed at the basolateral membrane in all tissues that have been examined (58, 72, 91, 139, 211) , and is known to form a complex with the epithelial cell adhesion molecule EpCAM (271) . This could potentially play a role in regulating cell-cell adhesion, cell motility, and tumor progression.
H. Claudin-8
Claudin-8 is expressed in a variety of epithelial tissues, with the lung and the tight junctions of the aldosterone-sensitive distal nephron of the kidney having the highest levels (186, 211, 253) . It is proposed to be an anion-selective claudin that acts either as a Na ϩ barrier (418) or Cl Ϫ pore depending on the cell type (146) . Together with claudin-4 and -12, it forms the impermeable tight junctions of the urinary bladder (2). In collecting duct cells, claudin-8 recruits claudin-4 to form a complex at the tight junction that mediates Cl Ϫ transport (146) . In vivo, this would be predicted to facilitate distal nephron NaCl reabsorption. In the colon, aldosterone-induced ENaC activation causes an upregulation of claudin-8 which seals the paracellular pathway, as indicated by the specific increase in paracellular resistance (11) . Similar to the situation in the distal nephron, this sealing would prevent absorbed Na ϩ from leaking back into the gut lumen and thus enhance net Na ϩ absorption. Interestingly, upregulation of claudin-8 by aldosterone is an indirect effect that requires Na ϩ influx into the cells, as it can be prevented by the ENaC inhibitor, amiloride (11).
I. Claudin-9
Claudin-9 is selectively expressed in tight junctions of the cochlea (185, 262) where it separates the high K ϩ endolymph from the low K ϩ perilymph, with the latter bathing the outer sensory hair cells. In vitro overexpression of claudin-9 led to augmented Na ϩ and K ϩ barrier function (262, 317) , indicating that its physiological role is to protect the outer hair cells from exposure to high K ϩ concentrations. Consistent with this, a random ethylnitrosourea-induced missense mutation in claudin-9 in mice led to deafness associated with high perilymph K ϩ concentrations and widespread loss of outer hair cells (262) .
J. Claudin-10
Claudin-10 is expressed in many tissues including renal tubules (186), the vasa recta of the kidney medulla, intestine (161), salivary gland (133) , and epididymis (117) . Claudin10a appears to be restricted to the kidney (122, 373) so other tissues presumably express claudin-10b. The physiological function of the two major claudin-10 isoforms was initially investigated by Van Itallie et al. (373) who found that claudin-10a acts as an anion pore. Claudin-10b had no strong ion selectivity in LLC-PK1 and MDCK II cells but was found to act as a strong cation-permeating claudin in MDCK C7 cells (122) and MDCK I cells (159) . Both isoforms differ from other known channel-forming claudins, in that they are not only charge selective but also strictly size selective. Thus claudin-10b greatly increased permeability for Li ϩ , Na ϩ , K ϩ , but only marginally for Cs ϩ (122) and not at all for a 4 kDa dextran (159) nor for water (306) .
K. Claudin-11
Claudin-11 is expressed by oligodendrocytes and localized in parallel arrays of autotypic tight junction strands within the myelin sheaths of neurons (254) . It is also expressed at junctions between Sertoli cells, which constitute the bloodtestis barrier, and basal cells of the striae vascularis. Mice with knockout of claudin-11 have slowed nerve conduction and consequent hindlimb weakness (108) . It has been suggested that claudin-11 plays occluding and resistive roles by sealing the edges of the membrane along the length of the myelin sheath and at paranodes, limiting diffusion between the interstitium and intramyelinic space. By diminishing the paracellular current pathway between membrane layers in the myelin sheath, claudin-11-based junctions decrease the capacitive charge and hence the time taken to fully charge, which favors the rapid regeneration and propagation of action potentials between nodes of Ranvier (66, 107). Male claudin-11 knockout mice are also sterile, and have loss of normal differentiation of spermatocytes (108) . The bloodtestis barrier has been postulated to function as a shield for differentiating spermatocytes against immune surveillance, and also to exclude blood-derived components from the adluminal space that might otherwise disrupt spermatogenesis. However, since the claudin-11 knockout mice had no autoimmune disorder, it is likely that the function of claudin-11 is primarily to act as a barrier to blood-derived small molecules. Furthermore, claudin-11 is essential to hearing as claudin-11 knockout mice displayed inner ear deafness due to a disappearance of tight junctions from the basal cells and the resulting loss of endocochlear potential (106, 185) .
L. Claudin-12
Claudin-12 is an unusual member of the claudin family, as it is one of the few claudins that does not possess a PDZ binding motif. In all phylogenetic trees it appears to be only distantly related to all other claudins. Claudin-12 is expressed in tight junctions throughout the intestinal epithelia. In vitro, it increases calcium permeability and is upregulated by vitamin D (92), suggesting a role in vitamin D-dependent paracellular absorption of calcium, but its role in the whole animal has yet to be investigated.
M. Claudin-13
As already mentioned, claudin-13 is found in rodents but not in primates. In neonatal mice, claudin-13 is expressed in kidney (1), whereas in adult mice it is expressed in colon surface epithelium and in the urinary bladder (91) . In the latter, however, claudin-13 is not localized within the TJ (2). Interestingly, as mentioned above, claudin-13 is also expressed in hematopoietic tissues, where it appears to be part of a stress-induced erythropoiesis pathway (350) .
N. Claudin-14
Claudin-14 is expressed in the cochlea, where it is located at the tight junctions between inner and outer hair cells and supporting cells (30) . The tight junctions in these cells separate the K-rich endolymph apically from basolateral compartments that contain K-poor fluid, including the cortilymph confined to the space of Nuel that bathes the basolateral side of outer hair cells. Mutations in claudin-14 cause nonsyndromic deafness in humans (398) . Likewise, in mice knockout of the claudin-14 gene causes deafness that is associated with degeneration of the outer hair cells (30) . In vitro, claudin-14 acts as a strong cation barrier (30) . Thus it is likely that claudin-14 functions in the cochlea as a paracellular barrier to K. Loss of claudin-14 would be predicted to expose the basolateral surface of outer hair cells to abnormally elevated K ϩ concentrations, which may be cause cell death.
Claudin-14 is also highly expressed in the kidney (398) . Although there have been suggestions that it is localized to the collecting ducts or proximal tubules (30, 78) , the most extensive analysis so far has found it predominantly in the thick ascending limb (103) . In this tubule segment, it interacts directly with claudin-16 and indirectly with claudin-19 (see below) to reduce their paracellular Na ϩ permeability and, in doing so, is thought to reduce the driving force for divalent cation reabsorption. Consistent with this, claudin-14 knockout mice were found to be hypercalciuric and hypermagnesiuric. Furthermore, high-Ca 2ϩ diet and high extracellular Ca 2ϩ increased claudin-14 protein levels by downregulating two microRNAs, miR-9 and miR-374, that normally suppress claudin-14 expression (103). Thus claudin-14 acts physiologically as a negative regulator of renal Ca 2ϩ reabsorption. Carriers of common sequence variants in claudin-14 have an increased risk for kidney stones as well as reduced bone mineral density (351) .
O. Claudin-15
Claudin-15 is highly expressed throughout the intestine and is found at both villus and crypt cell junctions in adults. In vitro it can behave predominantly as a Na ϩ channel or a Cl Ϫ barrier, depending on the cellular context (57, 159, 364) . Knockout of claudin-15 in mice causes congenital enlargement of the small intestine (344) . Interestingly, in zebrafish, claudin-15-mediated paracellular Na ϩ secretion by intestinal epithelial cells has also been proposed to play a role in development of a normal intestinal lumen (26) . Zebrafish with a loss-of-function mutation in the transcription factor tcf2 have marked downregulation of claudin-15 and develop multiple intestinal lumens. However, the exact mechanism for development of megaintestine in claudin-15-knockout mice is unclear.
In adulthood, claudin-15 knockout mice also have lower small intestinal lumen Na ϩ concentrations and higher K ϩ concentrations, and impaired Na-dependent glucose absorption (343) . This suggests that claudin-15 normally plays an important role in paracellular Na ϩ secretion, presumably driven by the transepithelial electrical potential from transcellular Cl Ϫ secretion, and in paracellular K ϩ absorption, presumably driven by the K ϩ concentration gradient established by fluid reabsorption. It was suggested that the impaired glucose reabsorption in the claudin-15 knockout mice may be due to the limiting concentration of luminal Na ϩ (343).
P. Claudin-16
Claudin-16 was originally named paracellin-1 (324) and described as a protein the defect of which causes familial hypomagnesemia, hypercalciuria, and nephrocalcinosis (FHHNC) in affected patients. It has since been found to be expressed in a variety of tissues including kidney (324), salivary gland (194) , and mammary gland (231) . Due to two potential in-frame start codons, claudin-16 is one of three claudins that, in many species (including primates, elephant, panda, dog, guinea pig), may exist in a long and a short variant. In humans, it is a matter of debate whether the long version exists under physiological conditions. Some mammals, such as mouse, rat, or pig, only possess the short version while others (e.g., naked mole rat, horse) appear to possess only a long version. Hou et al. (143) reported that upon transfection into the porcine cell line, LLC-PK1, only the short version correctly inserted into the tight junctions, whereas Günzel et al. (119), upon transfec-tion in the canine cell line MDCK-C7, found no difference between the localization and function of the short and the long version. (64)]. The TAL is responsible for mass transport, and ϳ70% of all filtered Mg 2ϩ and 20% of filtered Ca 2ϩ is reabsorbed here, probably along the paracellular pathway. The driving force for this is the lumen-positive electrical potential, which is generated by two distinct mechanisms: 1) reabsorption of Na ϩ , K ϩ , and Cl Ϫ through the apical electroneutral Na-K-2Cl transporter together with recycling of K ϩ back into the lumen through ROMK K ϩ channels; and 2) backleak of reabsorbed Na ϩ into the lumen through the paracellular pathway, creating a diffusion potential. The DCT is responsible for the "fine tuning" of Ca 2ϩ and Mg 2ϩ homeostasis, and transport is active and occurs along the transcellular route.
The physiological role of claudin-16 in the renal tubule is still controversial. The initial assumption that claudin-16 acts as a major paracellular channel for divalent cations has not been unequivocally verified experimentally (119, 143) . Some studies reported that claudin-16 causes a minor increase in Mg 2ϩ (180) wasting, phenocopying FHHNC. Since paracellular Na ϩ permeability of the TAL is required for backleak of reabsorbed Na ϩ and hence generation of the lumen-positive potential, it was proposed that claudin-16 might affect paracellular Ca 2ϩ and Mg 2ϩ transport by altering the driving force in the TAL. However, Kausalya et al. (180) did not find any effect on Na ϩ permeability in claudin-16-transfected cells. Furthermore, a claudin-16 knockout mouse model was recently reported that also exhibits renal divalent cation wasting, yet the Na ϩ permeability of the TAL was unaffected (399) . Interestingly, for both mouse models (147, 399) , the experiments on isolated TAL tubules were carried out by the same laboratory. It therefore seems unlikely that the effect on Na ϩ permeability observed by Hou et al. (147) 
Q. Claudin-17
Claudin-17 appears to be predominantly present in the kidney, but also, to some extent, in the brain (196) . In the kidney, expression is highest in the most proximal segments of the nephron, less in the loop of Henle, sparse and irregular in the distal tubule, and absent in the collecting duct. Expression was also found in low-resistance renal cell lines such as LLC-PK1, MDCK C11, and MDCK II but not in high-resistance renal or colonic cell lines (196) . Overexpression in high-resistance MDCK C7 cells as well as knockdown in LLC-PK1 cells indicated that claudin-17 acts as an anion channel. Charge selectivity is higher than in all other paracellular anion channel candidates known to date, but size selective is low: claudin-17 is highly permeable to all halide anions as well as HCO 3 Ϫ , NO 3 Ϫ , and small organic anions such as pyruvate. Size limit is on the order of ϳ300 Da, as fluorescein permeability is only marginally increased in claudin-17 transfected cells (196) .
R. Claudin-18
Claudin-18 is a major constituent of tight junctions in lung and stomach epithelia. In the lung, the splice variant 18 -1 is predominantly expressed, while in stomach epithelium, the major variant is claudin-18 -2 (269). Overexpression of claudin-18 -2 in MDCK II cells induces a selective sealing of the tight junction against Na ϩ and especially against H ϩ (169). Claudin-18 -2 is strongly expressed in the specialized columnar epithelium of Barrett's esophagus, suggesting that it may be a specific adaptation to protect the epithelium against low pH (169) . This is further supported by the recent finding that claudin-18 -2 knockout mice develop atrophic gastritis within 3 days after birth, which is due to the paracellular H ϩ leak observed in their stomach epithelia (134) . Interestingly, claudin-18 -2 is also expressed in bone cells, and knockout of the claudin-18 gene in mice causes osteoporosis due to increased bone resorption by osteoclasts (216).
S. Claudin-19
Claudin-19 is expressed in the peripheral nervous system, kidney, and retinal pigment epithelium (191, 207, 221, 249, 286) . Overexpression and knock-down studies on claudin-19 in various cell types (MDCK II, LLCPK1, RPE, Refs. 14, 145, 286, 383) demonstrated that the presence of claudin-19 correlates with and increases paracellular barrier function. However, depending on the cell type, this effect may be due to a tightening effect against cations (14) or against anions (145) .
In peripheral neurons, claudin-19 is located at the interlamellar junctions of myelin sheaths. Claudin-19 knockout caused peripheral neuropathy in mice that was attributed to insufficient electrical sealing of Schwann cells (249) .
In the kidney, claudin-19 is expressed mainly in the TAL and, perhaps to a lesser extent, in the DCT (14, 191) . Mutations in claudin-19 are responsible for a form of FHHNC that is associated with severe ocular defects (191 , and thus are both required to generate the electrical driving force for divalent cation reabsorption in this tubule segment.
T. Claudin-20 to -27
Not much is known about tissue distribution or physiological function of claudins 20 -27. As summarized in In chick retinal pigment epithelium, claudin-20 was found to be upregulated during embryonic development. Claudin-20, -22, and -23 mRNA have been found to be expressed in mouse brain capillary endothelial cells and especially the levels of claudin-22 mRNA suggest a role for this claudin in the formation of the blood-brain barrier (280) . Claudin-20 and -23 mRNA was detected in mouse small intestine (344) . Furthermore, claudin-23 expression has been reported for skin, placenta, stomach, and germinal center B cells. It appears to be dysregulated in several diseases such as gastric and colonic cancer (178) as well as atopic dermatitis (63) .
Claudin-21 and claudins 24 -27 are expressed in the intestine, but also in the stomach (claudin-21, -24, -25 (246) found claudin-25 (CLDND1) and -26 (TMEM114) to colocalize with ZO-1 despite their predicted lack of direct interaction, whereas claudin-24 and -27 remained in intracellular compartments. In contrast, Maher et al. (224) found TMEM114 (claudin-26) and TMEM235 within the membrane of MDCK II cells, but not within the tight junction. Maher et al. (224) further demonstrate that TMEM114 and -235 are glycosylated and conclude from their phylogenetic considerations that TMEM114 and -235 should rather be placed within the CACNG than within the claudin family.
U. Teleological Purpose of Paracellular Transport
As outlined above, we are beginning to understand the role of individual claudins in determining the magnitude and selectivity of paracellular permeability in a variety of tissues. However, a more fundamental question is: Why is paracellular transport even necessary at all? In the case of epithelial tissues that expend considerable effort on vectorial solute and water transport, one reason may be that paracellular transport increases the efficiency of transepithelial transport. For example, in the kidney, energy and O 2 consumption are largely dictated by the rate of tubular Na reabsorption. Transcellular transport of Na is dependent on the potential energy generated by the Na ϩ -K ϩ -ATPase, which uses one molecule of ATP to drive the transport of three Na ϩ . Mitochondria generate six molecules of ATP for each molecule of O 2 consumed. Thus the expected suprabasal renal oxygen consumption (QO 2 ), as a function of Na reabsorption (T Na ) is 1:18. In fact, measured values of suprabasal QO 2 /T Na are in the range of 1:25 to 1:29 (182, 188, 352, 356) , indicating that the kidney is much more oxygen efficient than expected. One proposed explanation for this is that the PT can leverage the excess free energy in solute gradients established by active transcellular transport to drive passive paracellular reabsorption of Na, Cl, and other solutes (65, 235) , presumably mediated by claudin proteins.
VII. STRUCTURE-FUNCTION STUDIES OF CLAUDINS
The tertiary and quaternary structures of claudins have not yet been directly solved. However, there is substantial indirect evidence from biochemical, mutagenesis, binding, and modeling studies to make some inferences about their structure and function (FIGURE 3).
A. First Extracellular Loop (ECL1)
The predicted ECL1 in claudins lies between the first and second transmembrane helices and is a long loop of 42-56 residues. This loop contains the highly conserved signature motif of claudins (FIGURE 1 ). This suggests that the ECL1 likely has a well-defined structure and serves an important conserved function of claudins.
ECL1 forms the lining of the paracellular pore
Chimera studies in which the extracellular loops of claudin-2 and claudin-4 were swapped in various combinations showed that the ECL1 confers the charge selectivity and magnitude of small ion permeability of the paracellular pathway (56) . In claudin-4 and -15, specific charged residues, primarily in the second half of the ECL1, could be identified as being responsible for determining charge selectivity. Charge-reversing mutations at these sites reversed the charge selectivity of the paracellular pathway (57). Together, these findings strongly suggest that the ECL1 forms the lining of the paracellular pore for small ions.
ECL1 contains a specific ion-binding site
By studying multiple claudins with different charge selectivities, as well as charge reversal mutations, Van Itallie et al. (364) found a strong correlation between the net charge on the second half of ECL1 and paracellular charge selectivity. This concept is also supported by the difference in ion selectivity of the two major splice variants of claudin-10: 10a which is anion selective and 10b which is cation selective. These isoforms differ in their NH 2 -terminal region, encompassing the first transmembrane domain and most of ECL1 (122, 373) . In humans, ECL1 of claudin-10a contains one negatively charged and seven positively charged amino acids, ECL1 of claudin-10b five negatively and four positively charged amino acids, resulting in a preponderance of positive charge within ECL1 of the anion-preferring claudin10a, but of negative charge for the cation-preferring claudin-10b. A mutational approach, exchanging individual positively charged amino acids of claudin-10a by negatively charged amino acids demonstrated that certain positions within ECL1 (mouse sequence: R33, R62) are important for charge selectivity of the resulting channel. A simple explanation might be that this entire region of the loop determines the general electrostatic environment within the paracellular pore. However, there are a number of reasons to believe such a model may be oversimplified. First, most of the early mutagenesis studies used chargereversing mutations that not only abolish a charged side chain, but introduce a new, oppositely charged moiety (57) . This complicates interpretation of the experiment as the mutants not only inform on the function of the native residue but could also manifest artifactual effects from the newly introduced charge. Second, these early studies did not distinguish between surface charge effects and electrostatic effects within the pore itself. Third, subsequent studies that have surveyed the role of charged residues in this region have generally indicated that some, but not all, of them contribute to paracellular ion selectivity (143, 416) . As a consequence, we now favor a model in which the ECL1 forms a well-defined structure in which a subset of the residues face into the pore lumen; among these pore-lining residues are specific charged amino acid(s) that act as binding sites for permeating ions.
The role of charged amino acids in the ECL1 in determining paracellular charge selectivity has been most carefully examined by Yu et al. for claudin-2 (416) . By using an inducible expression system in high-resistance MDCK I cells, the permeability through claudin-2 pores could be estimated. The relative permeability for Na ϩ over Cl Ϫ (P Na /P Cl ) for claudin-2 was found to be 7.5. With the use of charge-neutralizing mutations of all three acidic amino-acids in the ECL1, it was shown that only D65 played an important role in ion permeation and that the carboxylate side chain on this residue conferred about twothirds of the cation selectivity. Several lines of evidence prove that this is a bona fide ion binding site: 1) mutation of D65 to asparagine (D65N) increased the activation energy for Na ϩ permeation.
2) The selectivity pattern of claudin-2 for alkali metal cations exhibited a high-order Eisenman sequence that was decreased in the D65N mutant.
3) The permeability of claudin-2 for the divalent cation Ca 2ϩ was disproportionately decreased by D65N, relative to monovalent cations. 4) Titration by extracellular acidification abrogated Na ϩ permeability of wildtype claudin-2 but not the D65N mutant. 5) The cation permeability conferred by D65 was independent of ionic strength, excluding a surface charge effect. This site, located immediately after the second conserved extracellular cysteine (C64), appears to be generally important for determining charge selectivity in claudins. Mutations of the charged residues at this site also alter charge selectivity of claudin-4, -10a, -15, and -17 (57, 146, 196, 373) (FIGURE 4, TABLE 5).
Mapping of ECL1 residues by cysteine mutagenesis
The location of several residues in claudin-2 has been investigated by cysteine-scanning mutagenesis (17) . I66 is located within the narrow part of the pore with its side chain facing the lumen, presumably just adjacent to D65. D65, in addition to being within the pore, was shown to lie close to the intermolecular interface between adjacent subunits. Y35 and H57 are exposed outside the pore, presumably in the vestibule. Interestingly, charged residues in other claudins located at the homologous positions appear to have weak effects on charge selectivity (TABLE 5 ), suggesting that they may exert surface charge effects at the pore vestibule (111). F R31A no effect on HCV entry R31T no effect E Y35A no effect on HCV entry Y35C located at vestibule 
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Conserved residues in the signature sequence play important structural roles
The ECL1 contains a highly conserved claudin signature motif. Central to this is a triplet of amino acids, G-L-W. Mutation of any of these residues individually in claudin-1, which is a receptor for hepatitis C virus (HCV), abolishes HCV binding (59) . Interestingly, the mutants still traffic normally to the plasma membrane and have preserved cisinteractions but may have impaired ability to form transinteractions. Mutation of all three residues in claudin-2 simultaneously to alanine (A 3 ) abolishes its ability to reach the plasma membrane (371) . Interestingly though, the A 3 mutant still has the ability to form dimers (presumably in cis) that are detectable by native PAGE, just like wild-type claudin-2. This suggests that the G-L-W motif may play an important role common to all claudins in stabilizing the correctly folded structure of the ECL1 and hence stabilizing trans-interactions.
Another notable feature of the claudin signature is a pair of conserved extracellular cysteines. Claudins 1-24 have two cysteines in ECL1 that start shortly after the G-L-W motif and are spaced 9 -11 residues apart (FIGURES 1 AND 4) . Claudins 25-27 also have two cysteines in ECL1, but the second cysteine is in an aberrant position, located 5, 6, or 25 residues downstream from the first one. In claudin-1, mutation of either conserved cysteine abolishes HCV binding, mimicking the effect of mutating the G-L-W motif (59) . In claudin-5, mutation of either cysteine individually, or both together, abolished the ability of the claudin to form a barrier to small ions, while preserving its ability to traffic to the tight junction (395) . This suggests that these cysteines also play an important role in stabilizing ECL1 in its correct fold. Furthermore, the fact that the cysteines are always conserved as a pair, that mutation of either one has the same functional effect, and that mutation of both together has no additive effect over mutation of either one individually, all suggest that they are probably engaged in an intramolecular disulfide bond with each other.
Finally, at the very end of ECL1, just before the predicted second transmembrane helix, is a highly conserved arginine residue found in 23 of 27 claudins. Mutation of this residue in claudin-4 and -16 led to reduction in expression level and retention in the endoplasmic reticulum. The most likely reason is that this residue is critical for global folding of claudin proteins.
B. Second Extracellular Loop (ECL2)
Role of ECL2 in trans-interactions
The amino acid sequence of ECL2 is quite highly conserved (FIGURE 5). A previous chimera study had already showed that ECL2 is not involved in determining paracellular permeability (56) . When the ECL2 of claudin-5 was fused to maltose-binding protein and expressed in bacteria, it was found to dimerize (36) . This suggests that ECL2 mediates claudin-claudin interactions.
Piontek et al. (292) have done the most extensive analysis of the ECL2. They mutated each residue in ECL2 of claudin-5 and transfected it into HEK cells. Several mutations disrupted the normal enrichment of claudin-5 at cell contacts with other claudin-5-expressing cells, leading to a homogeneous distribution throughout the plasma membrane. Importantly, these mutations did not affect the proximity of claudin-5 molecules in cis, as measured by FRET. It was therefore concluded that the residues at these positions are probably important for trans-interaction (FIGURE 5).
The ECL2 structure was then modeled based on homology to an 18-residue fold within 2BDV (hypothetical protein BB2244, from Bordetella bronchiseptica). In this model, ECL2 forms a helix-turn-helix, where the predicted helices are extramembranous extensions of transmembrane domains 3 and 4, and the central turn region is anchored by two proline residues. Three of the residues proposed to participate in trans-interactions, F147, Y148, and Y158, form an aromatic core on one face of the loop that could potentially undergo hydrophobic interactions with the aromatic core from another ECL2 to form a claudin dimer. However, the role of the two hydrophilic residues proposed to participate in trans-interactions, Q156 and E159, which are located on the opposite side to the aromatic core, is unclear.
The functional importance of trans-interaction was demonstrated by expressing the Y148A, Y158A, and E159Q mutants in MDCK II cells (289) . In contrast to wild-type claudin-5, none of the mutants increased TER. Furthermore, all mutants increased the paracellular leak to 10 kDa FITCdextran, suggesting that mutant claudin proteins that are unable to interact in trans somehow disrupt the paracellular barrier to macromolecules.
In contrast to these functional studies in claudin-5, Lim et al. (215) studied trans-interactions in claudin-2 by an entirely in vitro technique and found that it was mediated by ECL1 and not ECL2. They bound purified claudin-2 protein (or an extracellular loop polypeptide) to the cantilever tip of an atomic force microscope and also to the surface of glass cover slips. The force of adhesion between single molecules of claudin-2 was then measured by force spectroscopy. By this technique, they found ECL1-ECL1 trans-interactions, but no such interaction between ECL2-ECL2 or ECL1-ECL2.
ECL2 contains the binding site for Clostridium perfringens enterotoxin
Claudin-3 and -4 were identified early on as receptors for Clostridium perfringens enterotoxin (CPE), a causative agent for food poisoning in humans (176, 177) . The COOH-terminal half of CPE binds claudins (129, 329) , while the NH 2 -terminal half forms pores in the plasma membrane and induces cell death. Claudin-6, -7, -8, and -14 are also able to bind CPE, whereas claudin-1, -2, and -5 do not. With the use of chimeras of claudin-3 and claudin-1, it was shown that the ECL2 was responsible for binding CPE (93) . Using peptide mapping, Winkler et al. (400) narrowed down the binding region to a five-residue peptide in the predicted turn region of ECL2 (N-P-L-V-P in claudin-3). Within this region, the N-P motif (FIGURE 5) was shown to be completely conserved in all CPE-binding claudins, whereas the N was replaced by D or S in non-CPE-binding claudins. This residue was shown to be critical since replacing N at this position could restore CPE binding to nonbinding claudins (302) .
The structure of CPE has now been solved by X-ray crystallography (39, 184, 367) . The COOH-terminal domain of CPE contains two hydrophobic cavities formed by triplets of tyrosine and leucine residues, respectively. With the use of mutagenesis and molecular modeling, it has been proposed that L150/151 of claudin-3/-4 binds to the "triple tyrosine pit" while P152/A153 binds to the "triple leucine pit" (380) .
C. Cytoplasmic Tail
The COOH-terminal tail of claudins is long, highly divergent in sequence between different claudins, and is predicted to be intracellular and largely disordered.
Role in trafficking to tight junction
Truncation of the cytoplasmic tail in claudin-1, -5, -6, and -16 impairs trafficking to the tight junction leading to intracellular retention, predominantly in the endoplasmic reticulum (ER) (20, 260, 308) and subsequent degradation via the proteasome (260) . Overexpression of the truncated mutant of claudin-6 was shown to induce the unfolded protein response (20) . This could indicate that the cytoplasmic tail is in some way important for protein folding, but could simply be an artifact of protein overexpression. An alternative explanation for ER retention of the truncation mutants is that the cytoplasmic tail normally binds to other molecules that facilitate exit of claudin proteins from the ER. In claudin-1 and -5, serial truncations indicated that removal of just the PDZ-binding domain did not affect normal trafficking and that truncation of most of the cytoplasmic tail (24 amino acids in claudin-1, 34 in claudin-5) was needed to see an effect on trafficking, suggesting that the 15-20 juxtamembrane cytosolic residues were most critical. Importantly, none of these truncations removed the cysteines located just after the fourth transmembrane domain that are palmitoylated. Thus the cytoplasmic tail, independent of PDZ binding or palmitoylation, seems to play an important role common to many or possibly all claudins in exit from the ER and trafficking to the tight junction.
Role in protein degradation
Van Itallie et al. (368) noted that claudin-2 has a threefold longer protein half-life than claudin-4. Using domain-swapping chimeras they showed that the cytoplasmic tail (but not the PDZ domain) was able to specify the protein halflife (368) . However, the mechanism for this is currently unknown.
PDZ-binding domain
The end of the COOH terminus contains a hydrophobic dipeptide motif in all the claudins except claudin-12, -22, -25, and -27. This motif (Y-V in most claudins) binds to PDZ domains on several tight junction scaffolding proteins, namely, ZO1, ZO2, and ZO3 (163) and MUPP1 (127) , although the functional importance of this interaction remains uncertain (see sect. VIII for further discussion).
Palmitoylation and phosphorylation
The region of the cytoplasmic tail just after the fourth transmembrane domain, as well as the region of the intracellular loop just after the second transmembrane domain, contain conserved pairs of cysteines that, in claudin-14, have been shown to be palmitoylated. Inhibition of palmitoylation impaired the ability of claudin-14 to localize correctly at the tight junction, suggesting an important role of palmitoylation in protein trafficking (369) . The cytoplasmic tails of most claudins also contain a large number of predicted phosphorylation sites, which are not highly conserved but are mostly unique to each claudin. The role of phosphorylation in modulating function of specific claudins is discussed in detail in section VIII.
D. Stoichiometry of Claudins
When claudins are transfected into fibroblasts, which lack tight junction proteins, they polymerize into tight junctionlike strands at cell-cell contacts and adhere to adjacent cells (198) . Thus the numerical stoichiometry of claudin polymers could in theory be very large. It is likely, though, that within these polymers there exist discrete, lower order complexes consisting of claudin oligomers.
By freeze-fracture electron microscopy, both the native tight junction (330) and tight junction-like strands reconstituted by claudin transfection into fibroblasts (99) appear as strands of particles ϳ10 nm in diameter and spaced 18 nm apart, center to center. These particles are presumed to represent claudin proteins, in which case their large size suggests that they represent multimeric complexes. In comparison, connexin subunits, which like claudins also have four transmembrane domains, assemble into hexamers that are ϳ8 -9 nm in diameter (PDB ID: 2ZW3) and also appear as ϳ10 nm particles by electron microscopy (331). The nicotinic acetylcholine receptor (PDB ID: 2BG9) is formed from a pentamer of four transmembrane domain subunits and spans a molecular diameter of 7-8 nm. It is therefore likely that claudins also assemble into oligomers.
Mitic et al. (248) found that claudin-4 that was expressed in Sf9 cells and solubilized with perfluoro-octanoic acid formed hexamers. Van Itallie et al. (371) showed that in native polyacrylamide gels, claudin-2 solubilized in dodecylmaltoside formed stable dimers. These dimers appeared to be due to cis-interaction between two subunits and the site of interaction was most likely the second transmembrane domain. In addition, though, higher molecular weight complexes could be detected, both in cell lines and native liver tissue, containing multiple claudins and occludin. Angelow and Yu (18) found specific evidence that the paracellular pore is surrounded by multiple claudins subunits, based on the results of cysteine scanning mutagenesis experiments performed in claudin-2. Mutation of an intrapore residue, D65, to cysteine led to formation of dimers by disulfide bonding, suggesting that this residue is located close to the intermolecular interface. Furthermore, by comparing the stoichiometry of binding of thiol-reactive methanethiosulfonate molecules to a cysteine located within the narrow part of the pore versus a cysteine located at the vestibule, they deduced that the claudin subunit stoichiometry of the pore must be quite large.
In summary, claudins engage in both cis-and trans-interactions both with other claudins and also potentially with occludin or other tight junction membrane proteins, and by these means assemble into complexes that vary in their size and stability. These range from quite stable cis-dimers to less stable, higher order oligomers that surround the paracellular pore, to very long strandlike polymers.
VIII. REGULATION OF CLAUDINS
Regulation of claudins and thus of TJ properties occurs on various levels, such as regulation of transcription, posttranslational modification, interaction with cytoplasmic scaffolding proteins, and interactions with claudins within the same membrane (cis-interaction) as well as with claudins of neighboring cells (trans-interaction). Together, these processes determine tight junction assembly, remodeling/modulation, and degradation.
A. Transcriptional Regulation
Major regulators of claudin expression comprise the TNF-␣/NF-B and TGF-␤-Smad/Snail pathways, but PPAR␥, SP1, HNF-1␣, HNF-4␣, CDX1, CDX2, GATA-4, and Grhl2 have also been reported to be involved.
TNF-␣/NF-B
Intestinal epithelia from patients suffering from inflammatory bowel diseases display characteristic changes in their claudin expression pattern: a downregulation of the "tight- 9) were able to demonstrate that TNF-␣-induced downregulation of claudin-1 and upregulation of claudin-2 in the intestinal cell line HT-29/B6 was mediated by NF-B and that these changes were antagonized by the herbal compound berberine. Likewise, TNF-␣ acts through NF-B to impair the blood-brain barrier (BBB) by a downregulation of claudin-5 (22, 40, 41, 335, 384) . Inhibition of NF-B by FoxO4 was found to protect mice against colonic injury and inflammation (426) . Transgenic mice with epithelialspecific overexpression of an NF-B super repressor (IB␣ with mutated ubiquitination sites) were protected against T cell-induced diarrhea through protection against opening of the paracellular pathway (347) . Furthermore, Tanshinone IIA, a substance that downregulates NF-B expression, improves BBB tightness, and protects rat brains against focal ischemia (384 summarizes the effects of TNF-␣ and NF-B on claudin expression and epithelial permeability.
PPAR␥
In urothelial cells and nasal epithelia, PPAR␥ upregulates claudin-1, -3, and -4, but downregulates claudin-2 (274, 378, 379) (FIGURE 6). The action of PPAR␥ is PKC dependent (274). Varley et al. (378) further report that the increase in claudin-4 is due to inhibition of proteasomal degradation and that, as a consequence, claudin-5 is stabilized within the tight junction through specific interaction with claudin-4. HIV-induced downregulation of PPAR␥ in lung tissue causes an upregulation of NF-B and a downregulation of claudin-5 and thus compromises barrier integrity of pulmonary capillaries, and these effects can be reversed by PPAR␥ agonists (210) (see FIGURE 6) . Similarly, PPAR␣ appears to be barrier protective, and a knock-down of PPAR␣ causes an upregulation of claudin-2 and enhanced effects of DSS-induced colitis in a PPAR␣ knock-down mouse model (237).
TGF-␤-Smad/snail
Epithelial-to-mesenchymal transition (EMT) is of central importance for cell migratory behavior and thus for invasiveness and metastasis in cancer. general pattern emerges and is depicted in FIGURE 7. TGF-␤ signaling pathways play a crucial role in EMT but also in vascular development and in maintaining intestinal barrier function (67, 126, 136, 283, 353 Sertoli cells. Here, claudin-11 promoter activation occurs through a GATA, NF-YA, and CREB complex that is able to bind to the GATA/NF-Y motif of the claudin-11 promoter. Binding, and therefore promoter activation, was inhibited by SMAD3 and SMAD4, a process that involves histone deacetylation at the site of the claudin-11 promoter region (220) . In breast cancer cells, SMAD3 and -4 form a complex with SNAIL1 and repress claudin-3 expression, probably through binding to SMAD binding elements that were found adjacent to SNAIL binding E-box sites on the claudin-3 promoter (381). Additionally, promoter hypermethylation has been shown to play an important role in the downregulation of claudin-4 during overactivation of TGF-␤/SMAD signaling in breast cancer cells (285) . It is noteworthy that in contrast to colonic cancer, metastasis and poor outcome in breast cancer are correlated with a downregulation of claudins (381) . In accordance with these findings, invasive breast tumor cells express low levels of claudin-1 and high levels of SNAIL and SLUG, both of which are able to bind to E-boxes of the claudin-1 promoter and thereby to repress claudin-1 expression (232).
SMAD4 may also act independently of TGF-␤ through interaction with the Wnt/␤-catenin pathway, with ␤-catenin directly affecting claudin-1 expression in colonic cells (322, 353) . Conversely, TGF-␤ was shown to act not only through SMAD but also independently of SMAD through MEKK/p38/MAP kinase. This caused upregulation of claudin-4 in colonic cells (136) but downregulation of claudin-11 in Sertoli cells (219) . TGF-␤ can also directly affect SNAIL1 through MEK and PI3 kinase (240) 
CDX1 and CDX2
CDX1 and CDX2 are able to activate the claudin-2 promoter (83, 100, 228, 313, 315, 338, 412) . In addition, CDX2 upregulates claudin-3 and -4 (319). HNF-1␣ and GATA-4 are able to augment the action of CDX2, but not of CDX1 (83, 313) . HNF-1␣ appears to play a role in tissue-specific expression of claudin-2 as it was necessary for claudin-2 expression in ileum and liver, but not in kidney (313) . Both CDX1 and CDX2 effects underlie further modulation through various regulatory pathways (Wnt, LEF-1/␤-catenin, MAP-kinase, p38 MAP-kinase, PI3K, MEK; Refs. 228, 338, 412), e.g., via cytokines such as IL-1␤ or IL-6.
SP1
Promoters of claudin-1, -4 and -19 were found to contain SP1 binding sites (75, 140, 221) , and SP1 is necessary for the expression of these claudins. Regulation of claudin-4 expression by SP1 is modulated through epigenetic modifications near the SP1 binding site of the claudin-4 promoter. High claudin-4 expression correlates with low methylation levels but high histone H3 acetylation, and vice versa (140) . In MDCK cells, upregulation of SP1 and consequently of claudin-4 was induced by EGF through activation of the MEK/ERK pathway (151) . Conversely, knock-down of claudin-2 in A549 cells caused a decrease in SP1 but not in c-Fos, c-Jun, NF-kB p65, claudin-1, occludin, or E-cadherin. The decrease in SP1 caused a reduced promoter activity of MMP9 and was associated with a reduced migratory behavior of the cells (156).
Grhl2
During development, claudin-4 expression levels in mouse embryos (and claudin-b levels of otic epithelial cells in zebra fish) are determined by Grhl2 (128, 396) . Mutation of Grhl2 causes defects in the apical junctional complex of gut endoderm, surface ectoderm, and otic epithelium, and these defects coincide with the occurrence of neural tube defects (396) . In breast tumor cells with low levels of claudin expression, Grhl2 expression is low and overexpression of Grhl2 in such cells induces MET (52).
Further regulatory pathways
These include the action of HNF-4␣, which upregulates the expression of claudin-6 and -7 in mouse F9 cells and induces translocation of these claudins to the tight junction, together with the cell polarity proteins PAR-6, aPKC, CRB3 and Pals1, but not PAR-3 or PATJ (48, 320) . HNF-4␣-induced formation of tight junctions was demonstrated to underlie establishment of a diffusion barrier between the apical and basolateral membrane compartment, i.e., fence function (48) . HNF-4␣ expression is thus essential for the formation of epithelial polarity (320) . It further inhibits cell proliferation which is one of the prerequisites for the development of stable epithelial cell layers (49) . Claudin-5 expression was recently described to be modulated by members of the ETS transcription factor family (ETV5, Ref. 258; ERG, Ref. 419) . Expression of the lung specific isoform of claudin-18 is regulated through T/EBP/NKX2.1 via two specific binding sites within the promoter of this claudin-18 isoform (269) . Ouabain at levels found endogenously in humans (10 nM) has been found to upregulate protein expression of claudin-1, -2, and -4 and enhance their junctional localization, coincident with a decrease in paracellular permeability. This seems to be mediated by c-Src and ERK1/2 but exactly how is unclear (205) .
From pathways to networks
Although presented here as separate pathways, it has to be emphasized that all these pathways intertwine and should rather be regarded as a complex network with several metastable states and multiple possibilities to move from one state to another. The emerging connections between claudin dysregulation and the development of cancer or the probability of metastasis call for a more thorough understanding of the underlying regulatory network, e.g., by using systems biologic modeling (see, e.g., review in Ref. 326 ).
B. Posttranslational Modification
Reports 
Phosphorylation
González-Mariscal et al. (105) carried out a computeraided search on possible claudin phosphorylation sites for various kinases (PKC, PKA, MAP kinase, WNK, MLCK, c-Src, RhoK, and the Eph receptor family) using several phosphorylation site detection tools. They found between 0 (claudin-20) and 10 (claudin-2) such phosphorylation sites on claudins 1 to 22. Some of these sites have already been described to be of physiological importance in independent experimental studies: claudin-1 is a target of MAP kinase, aPKC and PKA, and dephosphorylation is achieved by PP2A. MAP kinase induced phosphorylation at position T203, as well as aPKC and PKA induced phosphorylation promotes claudin-1 insertion into the tight junction (85, 89, 272) . Conversely, removal of claudin-1 from the tight junction was observed upon PP2A-induced dephosphorylation (272) and mutation of PKA phosphorylation sites to mimic the nonphosphorylated form (85) . In claudin-2, S208 was predicted to be a cPKC/nPKC/p38/Erk1/2/JNK target (105) . In a recent study on MDCK II cells, claudin-2 phosphorylation in this position was verified and found to depend on as well as to promote localization of this claudin within the plasma membrane (374) . Dephosphorylation could be induced by increases in intracellular cAMP levels (through application of dibutyryl cAMP, forskolin, or prostaglandin E 2 ) (374). Claudin-4 was phosphorylated through PKC (60) or aPKC (at S194 and S195 in human and mouse claudin-4, respectively; Ref. 19) , and the latter process proved to be essential for tight junction formation. In contrast, PKA-dependent phophorylation of claudin-3 or mutation of T192 to mimic phosphorylation (60) as well as EphA2 phosphorylation of claudin-4 (position T208, Ref. 345) induced the removal of these claudins from the TJ and resulted in TJ breakdown. Effects of PKA-dependent phosphorylation in endothelial cells are yet contradicting. Both PKA and RhoK are able to phosphorylate claudin-5 at position T207 (162, 328, 411) . Although this phosphorylation caused translocation of claudin-5 into the tight junction, the process was accompanied by functional tight junction breakdown (e.g., decrease in transendothelial resistance and increased permeability to mannitol, Refs. 328, 411). S217 of claudin-16 is phosphorylated by PKA, and this was observed to cause insertion of claudin-16 into the tight junction. Conversely, dephosphorylation of S217 led to claudin-16 translocation to lysosomes (154) . PKA-dependent claudin-16 abundance within the tight junction was regulated by changes in cAMP through the basolateral Ca 2ϩ -sensing receptor and thus directly by extracellular Ca 2ϩ concentrations (155) . Claudin-16 localization is further regulated by a Mg 2ϩ -dependent phosphorylation at positions T225 and T233 through the MEK/ERK pathway (153) . Finally, WNK4-induced phosphorylation of claudin-1 to -4 (413) as well as claudin-7 (at position S207, Ref.
348) caused an increased paracellular Cl
Ϫ permeability of the affected cells layers (see also Ref. 172).
Palmitoylation
As already mentioned, tight junctional localization of some claudins can also be promoted by palmitoylation. Thus, in claudin-14, two palmitoylation sites were identified within the cytoplasmic loop and two further sites within the cytoplasmic COOH terminus, close to the fourth transmembrane region (369) . Palmitoylation also occurs in claudin-1, -2, and -4, but not, e.g., in occludin (222, 369) , and palmitoylation sites are predicted for claudin-3 (43).
O-glycosylation
O-glycosylation has been postulated for the cytoplasmic COOH termini of claudin-1, -3, and -4 (4, 43) using computational approaches. Some of the predicted O-glycosylation sites are so-called Yin Yang sites [e.g., T191, S192, S205, S206 and possibly also T190 and T195 of claudin-1, (4, 43); S199, S203, T204 and possibly T192 of claudin-3 and T189, S194 and probably also S198 and S206 of claudin-4 (43) ], that allow phosphorylation as well as O-glycosylation and that potentially could act as switches to regulate claudin localization.
N-linked glycosylation
N-linked glycosylation sites are predicted in the first extracellular loops of many members of the PMP-22/EMP/ MP20/claudin family, including claudin-1 and -12 (296) . Furthermore, claudin-26 (TMEM114) was found to be Nglycosylated at position N54 and N88 (224) . N-glycosylation is required for correct membrane localization of the PMP-22/EMP/MP20/claudin family member Cacng2 (stargazin) (296) and of claudin-26 (224) . However, there is no experimental evidence that any other claudins are glycosy-lated so the relevance for this is unclear. Indeed, N-glycosylation of claudin-26 was taken as an indication that this protein does not belong to the claudin family but should rather be placed among the CACNG (calcium channel gamma subunit) family (224).
Ubiquitylation and SUMOylation
Ubiquitylation of claudins is still a matter of debate. According to the PhosphoSitePlus database (http://www.phosphosite.org/proteinSearchSubmitAction.do), claudin-1, -3, -4, -5, -6, -7, and -11 contain ubiquitylation sites. However, Asaka et al. (21) failed to detect claudin-1 ubiquitylation despite the fact that proteasome-dependent claudin-1 localization at the plasma membrane was observed. In contrast, Takahashi et al. (340) demonstrated that LNX1p80 induced polyubiquitylation of claudin-1 and found indications for ubiquitylation-dependent claudin endocytosis and lysosomal degradation. In accordance with these findings, LNX1p80 overexpression in MDCK cells caused a reduction in the number of tight junction strands and in the amount of detergent-insoluble claudins (340) . Claudin-5 is also polyubiquitylated, on lysine 199, but in this case it targets the protein for proteasomal degradation (226) .
SUMOylation by SUMO-1 (small ubiquitin-like modifier 1) has recently been demonstrated for lysine 218 of claudin-2 (372). Moreover, overexpression of SUMO-1 in MDCK cells caused a reduction in claudin-2 expression. Confocal microscopy revealed that the reduction primarily concerned the amount of claudin-2 localized in the lateral membrane rather than in the tight junction. However, it is yet unknown which signals affect SUMO-1 expression in MDCK cells under physiological conditions. Furthermore, SUMO-1 may also have indirect effects as, in parallel with claudin-2, claudin-4 was also downregulated during SUMO-1 overexpression, yet claudin-4 does not possess a SUMOylation consensus sequence (372) .
C. Interaction With Scaffolding Proteins
The majority of claudins possess PDZ binding motifs at their COOH terminus with which they are able to bind to various tight junction-associated proteins. These scaffolding/adapter proteins form the link between the transmembrane tight junction proteins and the cytoskeleton. They comprise ZO-1, -2, and -3; MAGI-1, -2, and -3; MUPP-1; Par3 and Par6; PALS1; and PATJ (for review, see Refs. 5, 118, 130, 236, 242) . The presence or absence of PDZ binding motifs in claudins 1-11, 13-16, 18, 19 ( The physiological importance of an interaction via the PDZ binding motif can be inferred from patients carrying a mutation within the PDZ binding motif of claudin-16. These patients suffer from a mild, self-limiting childhood form of FHHNC (259) as the claudin is able to reach the cell surface but is rapidly internalized and transported to lysosomes (180) .
D. Claudin-Claudin Interactions
Several types of interactions between the claudins within one tight junction can be envisaged: homo-and heteromeric interactions that may occur in cis or in trans. Similarly, claudins may interact with other transmembrane tight junction proteins, such as members of the TAMP family. Considering the number of different proteins even within one single tight junction, this generates a multitude of possible combinations, all of which may have specific consequences for the functionality of the resulting tight junction. Only a few interactions have yet been investigated, and knowledge is still quite sketchy (for reviews, see Refs. 120, 321), especially as techniques employed to investigate interactions greatly differ and do not necessarily generate comparable results. For example, there is evidence that claudin-1 is able to trans-interact with claudin-1 and -3 (99, 291) but not with claudin-2 or claudin-4 (62, 99) , but the ability of claudin-1 and -5 to trans-interact is a matter of debate (58, 62, 291) . Claudin-5/claudin-5 trans-interactions have been demonstrated to originate from hydrophobic interactions between amino acids of the second extracellular loops and as the involved amino acids are conserved in many claudins, these findings may be of general validity (292) . However, investigations employing single-molecule force spectroscopy to study claudin-2/claudin-2 trans-interactions indicated that overall adhesion strength is to a large extent due to electrostatic interactions (214) . Cis-interactions in claudin-2 homodimerization occur through the second transmembrane region (371) . In contrast, claudin-4 appears to be unable to form homodimers (371) . Interaction between claudin-16/-19 and between claudin-4/-8 have been reported to produce paracellular cation and anion permeabilities, respectively (145, 146) ; however, the mode of these interactions is yet unsolved. Many open questions regarding claudin interactions will probably only be solved once detailed structural information on claudins and claudin multimers becomes available.
IX. CLAUDINS AND HUMAN DISEASE
As described in section VI, claudin mutations are known to cause four Mendelian inherited disorders, neonatal sclerosing cholangitis with ichthyosis (claudin 1 mutations, OMIM 607626), autosomal recessive, nonsyndromic deafness (claudin-14, OMIM 614035), familial hypomagnesemic hypercalciuria with nephrocalcinosis (FHHNC, due to claudin-16 mutations, OMIM 248250), and FHHNC with ocular involvement (claudin-19, OMIM 248190). In addition, polymorphisms in claudin genes have been found to be associated with polygenic diseases, including claudin-1 with atopic dermatitis (63), claudin-5 with schizophrenia (337, 408) , and claudin-14 in kidney stone disease (351) .
Acquired abnormalities of claudin expression or localization are likely to play important roles in clinical disease. For example, claudin-2 is consistently upregulated in human inflammatory bowel disease (389, 420) , as well as in animal models (390) , and likely contributes significantly to the increased intestinal ion permeability in this disease, which causes leak flux diarrhea.
Aberrant expression of claudins is also common in epithelial cancers. Different cancer sites and histological subtypes seem to affect different claudins. In general though, the most common claudins to be affected are claudin-3 and -4, which are usually upregulated in cancers, and claudin-1 and -7 which can be both up-and downregulated. In vitro studies suggest that dysregulation of claudin expression may play a pathogenic role in tumorigenesis, but the mechanisms seem to vary between different cancers and claudin isoforms and are mostly poorly understood. The interested reader is referred to two recent reviews for a detailed discussion (359, 363) .
Finally, claudins expressed on hepatocytes have a role as co-receptors for infection by the hepatitis C virus (37).
X. SUMMARY
In summary, 14 years after the initial discovery of claudins we now know that there are ϳ27 mammalian genes. We know that they form the paracellular barrier and pore at the tight junction of endothelial cells. We know a great deal about the distribution of claudins in different tissues, and for some, we now understand their role in normal physiological function and disease processes. At the molecular level we have a rudimentary understanding of how they interact to form the paracellular barrier and understand some differences in the functions of the protein domains.
There remain, though, many exciting challenges in this field. We still do not know the tertiary and quaternary structure of claudins and how exactly they interact to form tight junction strands, so high-resolution structural information is needed. We have limited understanding of how different claudins interact with each other or with occludin and tricellulin, and the functional importance of this. There is no readily accessible technique to observe molecular level permeation events through claudin pores. We know very little about additional roles for claudins other than determining paracellular permeability, which might include potential interactions with other intracellular, intramembrane, or extracellular molecules and signaling functions. We have scant knowledge of how claudins are regulated and in particular the role of the cytoplasmic tail and of posttranslational modifications. We have barely begun the task of dissecting out the physiological role of each claudin in each tissue where it is expressed, and wider generation and dissemination of both global and tissue-specific claudin knockout mouse models is needed. Finally, it is likely that many more roles will be identified for claudins in the pathogenesis of inherited, particularly polygenic disease, and in acquired human diseases.
